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ABSTRACT OF THE DISSERTATION
Retinal Ganglion Cells Underlying Visual Perception and Predation in Mice
by
Keith Johnson
Doctor of Philosophy in Biology and Biomedical Sciences
Neurosciences
Washington University in St. Louis, 2021
Professor Daniel Kerschensteiner, Chair

The spike trains of retinal ganglion cells (RGCs) are the sole source of visual information
to the brain. In mice, more than 40 RGC types send signals to more than 50 brain areas. RGCs that
perform nonlinear operations to extract specific visual features (e.g., the motion of an object
against a background) are called feature detectors. Those that linearly integrate local changes in
light intensity are known as pixel encoders. Most mouse RGC types are feature detectors. In the
first part of my dissertation, I discovered a pixel encoder RGC type in mice, the PixON-RGC. I
revealed how the unique receptive field structure of PixON-RGCs gives rise to their characteristic
responses. I showed that PixON-RGC axons project to the dorsal lateral geniculate nucleus (dLGN)
of the thalamus and likely contribute to visual perception.
The second part of my thesis examined ipsilateral projecting RGCs (ipsi-RGCs) to characterize binocular vision's cellular substrate and understand how it supports specific behaviors, particularly prey capture. By 3D analysis of predator-prey interactions, I found that mice hunt crickets
with their binocular visual field. The binocular vision of mammals relies on ipsi-RGCs. Taking
advantage of genetic tools available in mice, I showed that ipsi-RGC removal (~2% of RGCs) in
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the adult retina reduces mice's hunting success drastically without affecting other visual behaviors.
I performed large-scale single-cell recordings and morphological reconstructions of ipsi-RGCs,
which revealed that only a small subset (9/40+) of RGC types have ipsilateral projections. Of the
nine ipsi-RGC types, only five reliably responded to prey-mimetic stimuli that I designed based
on my ethological observations. Thus, I found that mice's viewing strategies align with a spatially
restricted and cell-type-specific set of ipsi-RGCs that supports binocular vision to guide predation.
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Chapter 1: Introduction
1.1 Organization of the retina
Visual processing begins in the retina, the part of the central nervous system (CNS) that
lines the back of the eye and converts photons of light into the electrical and chemical signals
understood by the rest of the nervous system. In mammals, the retina is comprised of five neuronal
cell classes: photoreceptors, horizontal cells, bipolar cells, amacrine cells, and retinal ganglion
cells (RGCs) (Figure 1.1) (Jeon et al., 1998).
Light passes through the entire retina before reaching the photoreceptors in the outer nuclear layer. Photoreceptors continuously release the neurotransmitter glutamate in darkness
(Arshavsky et al., 2002; Ebrey and Koutalos, 2001). When light of the appropriate wavelength
reaches the photoreceptors and is absorbed by photopigment in the outer segment, a signal transduction cascade is initiated that hyperpolarizes the photoreceptor and decreases glutamate release.
Photoreceptors form synapses with two non-spiking interneuron classes in the outer plexiform layer: horizontal cells and bipolar cells. Horizontal cells mediate lateral interactions between
photoreceptors and inhibit their terminals (Masland, 2012a). Bipolar cells are excitatory and can
be divided into two categories: those that increase glutamate release to downstream neurons when
illumination increases (ON) and those that increase glutamate release when illumination decreases
(OFF). Whether a bipolar cell is ON or OFF responsive depends on the type of glutamate receptors
at their dendritic synapses with photoreceptors. OFF bipolar cell synapses contain ionotropic glutamate receptors (iGluRs). They are excited by glutamate release from photoreceptors in darkness.
In contrast, ON bipolar cell synapses contain an inhibitory metabotropic glutamate receptor
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(mGluR6) and are disinhibited by the decreased glutamate release from photoreceptors in light
(Nawy and Jahr, 1990, 1991).
In the inner plexiform layer (IPL), bipolar cells form excitatory synapses with amacrine
cells and retinal ganglion cells (RGCs). Amacrine cells are a diverse class of interneurons that
provide inhibitory feedback to bipolar cells and typically inhibit RGCs (Masland, 2012b).
Bipolar cells and amacrine cells provide excitatory and inhibitory inputs to RGCs, respectively. RGCs are the sole output neurons of the retina, and their spike trains are the only source of
visual information to the brain.

Figure 1.1. Organization of the retina. Rod (R) and cone (C) photoreceptors reside in the
outer nuclear layer (ONL), and provide inputs to horizontal (H) cells and bipolar (B) cells in
the outer plexiform layer (OPL). The inner nuclear layer (INL) contains horizontal cells, bipolar
cells and amacrine (A) cells. Bipolar cells and amacrine cells connect to the retinal output neurons, retinal ganglion cells (G) in the inner plexiform layer (IPL), which can be subdivided into
ON and OFF sublaminae.
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1.2 Cell-type diversity of the retina
Each of these five cell classes contains many different cell types. The mouse retina contains
3 photoreceptors, 1 horizontal cell, 15 bipolar cells, ~60 amacrine cell, and ~40 RGC types (Figure
1.2)(Baden et al., 2016; Franke et al., 2017; Sanes and Masland, 2015).
The three types of photoreceptors in mice are rods, M/S cones, and S cones. Rods are specialized for low, and cones are specialized for high light intensities (Kefalov, 2012). Cones that
express different photopigments prefer different wavelengths of light (i.e., different colors). Mice
have two different cone photopigments: medium-wavelength-sensitive (M-) opsin (peak absorption: 530 nm) and short-wavelength-sensitive (S-) opsin (peak absorption: 360 nm) (Wang et al.,
2011). Most cones contain a mixture of M- and S-opsin, but some only contain S-opsin. Cones
containing only S opsin are distributed throughout the retina and enriched in the ventral retina
(Nadal-Nicolás et al., 2020). The relative amount of each opsin in mixed cones varies with position
in the retina. M/S cones express more M-opsin in the dorsal retina and more S-opsin in the ventral
retina (Wang et al., 2011). This is thought to be optimized for the fact that one half of the retina
primarily looks towards the ground while the other half looks primarily towards the sky (Baden et
al., 2013).
Beyond the distinction of ON and OFF responses, bipolar cells are divided into 15 types,
which differ in their morphology, function, and gene expression patterns (Euler et al., 2014; Franke
et al., 2017). Bipolar cell axons establish two functional maps across the depth of the inner plexiform layer: (1) ON-responsive axons stratify in the inner 3/5 and OFF-responsive axons in the
outer 2/5, (2) transiently responding axons stratify toward the ON/OFF border near the center of
the inner plexiform layer, whereas axons with sustained responses stratify toward the edges of the
inner plexiform layer (Franke et al., 2017; Masland, 2001).
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Amacrine cells are the most diverse class of cells in the retina (Masland, 2012b). Glycine
releasing amacrine cells typically have narrow dendritic fields and provide local inhibition (i.e.,
narrow field), while GABA releasing amacrine cells generally are larger and can form wide lateral
connections, sometimes having multiple axons spanning large segments of the retina and communicating via spikes (i.e., wide-field amacrine cells) (Eggers and Lukasiewicz, 2011; Masland,
2012b),. Several amacrine cell types release multiple neurotransmitters and/or neuromodulators
(Dacey, 1990; Jacoby et al., 2018; Masland, 2012b), and one type releases the excitatory neurotransmitter glutamate (Grimes et al., 2011; Kim et al., 2015). The same amacrine cell can often
release different neurotransmitters to different target cell types (O’Malley et al., 1992; Tien et al.,
2016). Most amacrine cell types are non-spiking and receive input and release neurotransmitters
from the same neurites through which they receive input (Grimes et al., 2010). Calcium-imaging
of amacrine cell arbors has shown that, within the same arbor, different regions are functionally
distinct (Hsiang et al., 2017). This diversity of cell-types, neurotransmitters, and local processing
creates many ways by which inhibition can shape RGC responses and gives rise to most of the
feature selectivity of RGCs.
RGCs are comprised of ~40 cell types (Baden et al., 2016). Each of these 40 cell types
extracts specific visual scene features and sends this information to the brain. This diversity of
response types and feature selectivity arises from the upstream retinal circuitry that provides input
to RGCs. Understanding what information is encoded by each RGC type and how the excitatory
input from bipolar cells and inhibitory input from amacrine cells shape RGC responses are questions of fundamental importance to understanding vision (Roska and Meister 2014). Basic properties of RGCs such as whether they are ON, OFF, or ON-OFF responsive and whether these responses are sustained or transient can typically (with notable exceptions) be predicted by
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examining the morphology of the RGC and observing the strata of the IPL in which they stratify,
roughly matching the properties of the bipolar cell terminals within those layers (Euler et al., 2014;
Masland, 2012a). Detailed investigation of feature selectivity is done by observing physiological
responses to various visual stimuli through either patch-clamp recordings of individual cells
(Johnson et al., 2018; Tien et al., 2015), recordings of large numbers of cells with multi-electrode
arrays (Drinnenberg et al., 2018; Pearson and Kerschensteiner, 2015) or calcium imaging (Baden
et al., 2016) surveys. RGCs can be classified based solely on morphology (Coombs et al., 2006;
Helmstaedter et al., 2013) or functional responses. However, classifications combining both methods prove to be more robust (Bae et al., 2018).

Figure 1.2. Cell-type
diversity in the retina. The five retinal
neural classes are
comprised of many
cell types. From the
top to the bottom are
example morphologies of types of photoreceptors, horizontal cells (HC), bipolar
cells (BC), amacrine
cells (AC) and retinal
ganglion cells (GC)
found in the mouse
retina.
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1.3 Pixel-encoder vs feature-detector RGCs
RGCs serve at least three broad functions: (1) to encode local contrast in the retinal image
and support visual perception (Schwartz et al., 2012; Sinha et al., 2017) (2) to detect specific forms
of motion and drive reflexive behaviors (Münch et al., 2009; Sabbah et al., 2017; Zhang et al.,
2012); and (3) to measure overall luminance and regulate non-visual light-dependent processes
(Chen et al. 2011; Lazzerini Ospri et al. 2017).
RGCs that encode local contrast are often called “pixel-encoders.” In contrast, those more
selective for specific features that often drive reflexive behaviors and regulate non-visual lightdependent processes are called “feature-encoders” (Roska and Meister 2014). In mice, a great deal
of attention has been given to feature-encoder RGC types. Unlike in primates where pixel-encoders
have the finest receptive fields (i.e., highest resolution) of any RGCs in the retina (Kolb and
Marshak, 2003; Sinha et al., 2017), in mice the smallest and most abundant RGC types are featureencoders (Zhang et al., 2012) and those RGC types whose physiology has been described in detail
are feature-encoders. These feature-encoders include RGCs selective for approaching objects
(Münch et al., 2009), local motion of an object against a stationary background (Baccus et al.,
2008; Kim et al., 2015), direction of object motion (Weng et al., 2005) and optic flow (Dhande et
al., 2013; Sabbah et al., 2017) and luminance (Milner and Do, 2017; Schmidt et al., 2011), amongst
others.
An ideal pixel-encoder computes a weighted average of the light intensity over its receptive
field and increases or decreases its firing rate directly proportional to changes in the average illumination of its receptive field (Roska and Meister 2014). In the primate fovea, midget RGCs are
driven by a single bipolar cell which is in turn driven by a single photoreceptor (Kolb and Marshak,
2003; Sinha et al., 2017). Midget RGCs are thus nearly perfect pixel-encoders. In animals with no
6

fovea, such ideal pixel-encoders are not found. However, in cats, X-cells are known to approximate
pixel-encoding quite well (Enroth-Cugell et al., 1983). By having a high baseline firing rate that
can be decreased when the illumination of their receptive field decreases and increased when illumination increases, they can respond approximately linearly to changes in contrast over a wide
range of contrasts. A dimming of one subsection of the X-cell receptive field can be counterbalanced by an equal brightening of another such that their firing rate only changes when the average
brightness of their receptive field changes. That is to say, they have linear receptive fields, while
a defining feature of feature-encoders is the non-linearity of their receptive fields (Roska and Meister 2014).

1.4 RGC brain projections
RGCs provide input to more than 50 different subcortical brain regions (Berson, 2008;
Monavarfeshani et al., 2017, 2008). Knowing where RGCs project often provides clues as to their
function. For example, RGCs that contribute to gaze stabilization project to the accessory optic
system (Dhande et al., 2013). Those necessary for circadian photoentrainment densely innervate
the suprachiasmatic nucleus of the hypothalamus (Berson, 2002). In primates, most RGC types
contribute to visual perception through the retinogeniculate pathway, which provides visual information from the retina to primary visual cortex via the dorsal lateral geniculate nucleus (dLGN)
(Nassi and Callaway, 2009). In mice, most RGCs types project to the superior colliculus (SC)
(Gale and Murphy, 2014), consistent with the abundance of motion-sensitive RGCs in the mouse
retina (Jacoby and Schwartz, 2017; Zhang et al., 2012). One might expect that a pixel-encoder
RGC in mice would project primarily to dLGN. To fully understand the initial stages of visual
processing in the retina, it is essential to understand the information encoded by each RGC type,
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how upstream circuits in the retina give rise to these responses, and where in the brain each RGC
type sends its information.

1.5 Color vision in mice
As mentioned previously, mice have some pure S-cones and a dorsoventral gradient in the
relative amount of M- and S-opsin in M/S cones. Some studies suggest mice may have some ability
to distinguish between green and UV light (Denman et al., 2018; Jacobs et al., 2004). Type 9
bipolar cells selectively receive input from S-cones and potentially provide a direct color-encoding
channel to ON sustained stratifying RGCs (Haverkamp, 2005). It has been shown that in a particular region of the retina, the opsin transition zone, some RGC types can produce color opponent
responses (Chang et al., 2013). The extent to which mice have color vision and color perception
and whether specific RGC types support color vision remains controversial.

1.6 Visually guided behavior in mice
Until relatively recently, mice were rarely used for studying visual perception and visual
behavior (Huberman and Niell, 2011). In recent years several visually guided behaviors in mice
have been identified and studied extensively (Hoy et al., 2016; Wang and Krauzlis, 2018; Yilmaz
and Meister, 2013).
Mice are prey for aerial predators. As such, the mouse visual system is well-adapted to
identifying and evading aerial threats. When dark objects that appear to be increasing in size (i.e.,
approaching) are displayed overhead, mice immediately retreat to shelter (Yilmaz and Meister,
2013). RGCs that are relatively selective for such approaching (looming) stimuli have been identified (Münch et al., 2009). Our lab has extensively studied an amacrine cell type (VGluT3) that
provides input to these RGCs and encodes important aspects of looming visual stimuli. VGluT3
8

amacrine cells are necessary for normal escape responses to looming stimuli (Kim et al., 2020). In
two publications not featured in my thesis, I recorded these amacrine cells in response to looming
stimuli to characterize how their excitatory and inhibitory inputs make them respond preferentially
to dark-looming stimuli (Kim et al., 2020) and how such different contrast information is encoded
within different parts of a single cell’s neurites (Hsiang et al., 2017).

1.7 Binocular vision and hunting in mice
The binocular visual field of mice occupies ~40 degrees of central visual space (Dräger
and Olsen, 1980, 1981; Seabrook et al., 2017) (Figure 1.3 A). The role of binocular vision in mice
is not well understood. Binocular vision is typically associated with depth perception through stereopsis. In stereopsis, disparate object positions (i.e., Wheatstone stereopsis) or background occlusions (i.e., da Vinci stereopsis) in the two retinal images support depth perception (Nityananda and
Read 2017; Ponce and Born 2008). For stereopsis, the two retinal images should be consistently
aligned (Cumming and DeAngelis 2001). However, by tracking eye movements of freely moving
mice, it has been shown that their eyes are often unconjugated (Meyer et al. 2020; Michaiel et al.
2020). That being said, mice can distinguish stereoscopic surfaces (Samonds et al. 2019), binocular
inputs to their dLGN and SC are topographically aligned (Cang and Feldheim, 2013), their visual
cortex contains numerous disparity-tuned neurons (La Chioma et al. 2019; Samonds et al. 2019;
Scholl et al. 2013), and it has been shown in cuttlefish that stereopsis without tightly conjugated
eye movements is possible (Feord et al. 2020).
Predators typically have large binocular visual fields, and binocular vision has been associated with hunting (Cartmill, 1974; Pettigrew, 1986). For mice, it has been suggested that, as prey
of aerial predators, they keep their binocular visual field looking overhead to scan the sky for aerial
threats (Wallace et al., 2013)(Figure 1.3 B). However, mice are also predators of insects (Hoy et
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al., 2016), and it has been noted that mice typically explore with their heads tilted downwards,
meaning their “overhead” binocular visual field would face forward during exploration (Meister
and Cox, 2013) (Figure 1.3 C).
Recent work has shown that lab mice are proficient cricket hunters and that vision is the
primary sense that mice use when hunting (Hoy et al., 2016). From overhead videos of mice hunting, it appears that while chasing prey, they keep the prey within the lateral extent of their binocular
visual field (Hoy et al., 2016).
There is an increased convergence of RGCs on binocular neurons in the brain (Ponce and
Born 2008; Rompani et al. 2017). Consequently, binocular dLGN neurons are more sensitive than
are monocular neurons (Howarth et al. 2014), and mice show increased contrast sensitivity for
stimuli presented within their binocular visual field (Speed et al. 2019). In non-mammalian species, stereopsis has been shown to help distinguish prey from the background (i.e., camouflage
breaking) and determine the correct distance at which to release an attack (i.e., range finding)
(Nityananda and Read 2017; Ponce and Born 2008). Thus, binocular vision could support predation in mice through improved contrast sensitivity and/or stereopsis.

1.8 Ipsilateral projecting RGCs (ipsi-RGCs)
In mammals, binocular vision relies on the partial decussation of RGC axons in the optic
chiasm (Petros et al. 2008). All RGC types in mice have contralateral projections (Dräger and
Olsen 1980; Martersteck et al. 2017). In mice, about 98% of RGCs cross to the contralateral side
of the brain, while ~2% of RGCs, found in the ventrotemporal retina, project to the ipsilateral side
(Dräger and Olsen, 1980) (Figure 1.3 D). Additionally, a relatively small subset of all brain regions
targeted by contralateral RGCs (~50) receive input from ipsi-RGCs (Martersteck et al., 2017)
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(Figure 1.3 D). Given the relatively small fraction of RGCs projecting ipsilaterally (~2%) is spread
over ~18% of the retina and the restricted brain targets of ipsilateral RGCs, it raises the question
of whether, as in primates, all RGC types in mice have ipsilateral projections (Chalupa and Lia,
1991), or whether a specialized subset of RGC types make up the ipsilateral projection and support
binocular vision.
In nearly all animals with binocular vision, the area projecting forward to the binocular
field (i.e., area centralis) shows an increase in cell densities and reduced receptive field size (i.e.,
increased spatial resolution) (Cartmill 1974; Pettigrew 1986). Such an area centralis is not readily
apparent in mice (Dräger and Olsen 1981; Jeon et al. 1998). However, Bleckert et al. (2014) found
that the density of two RGC types, sONα- and sOFFα-RGCs, is increased and that their dendritic
field size is reduced in the ventrotemporal mouse retina. It is, therefore, possible that mice may
have a cell-type-specific area centralis in the binocular zone.
Genetic tools in mice are available that allow for both the selective labeling and ablation
of ipsi-RGCs (Hatori et al., 2008; Koch et al., 2011). Ipsi-RGCs can thus be labeled and targeted
efficiently for study and classification and removed to explore their effects on visually guided
behaviors.
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Figure 1.3. Binocular vision in mice.
(A) Schematic showing the monocular visual
fields of mice in blue and the binocular visual
field in orange.
(B) Illustration of one proposed function of
binocular vision in mice: looking overhead
and scanning for aerial predators.
(C) Alternatively, it has been noted that mice
typically explore with their heads tilted downwards, suggesting the binocular field would be
forward facing during exploration rather than
overhead.
(D) Schematic showing the position in the retina of ipsi- and contralateral-projecting RGCs
and the brain regions that receive large
amounts of ipsi-RGC input.
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1.9 Scope of this dissertation
This dissertation seeks to address the questions raised above about how different RGC
types encode visual information, where in the brain they send this information, and how that information contributes to visually guided behavior. (1) In chapter 2, I identify an RGC type in mice
that has pixel-encoder properties in mice. (2) I show that the cell has these properties due to a
unique center-surround receptive field organization. The RGCs center receives only excitatory
input from sustained ON bipolar cells, which is approximately linear. Thus the RGC responds
linearly to stimuli in the receptive field center. In the cell’s surround, it exclusively receives inhibition from wide-field amacrine cells that is temporally matched with the center excitation, providing surround suppression while preserving the linearity of the cell’s responses. (3) The stratification pattern of PixON-RGCs and their unique receptive field structure raised the possibility that
they could be color opponent. I show that these cells are typically not color opponents except in a
specific retina zone in which many RGC types can show color opponency. (4) Using retrograde
tracers injected into different retinorecipient brain regions, I show that PixON-RGCs primarily
project to dLGN and likely contribute to visual perception. (5) In chapter 3, I show that during
hunting, mice move their heads to keep crickets within their binocular visual fields and that mice
with only one eye are severely deficient in prey capture ability. (6) I used several methods to label
ipsi-RGCs selectively. I did hundreds of single-cell recordings and morphological reconstructions
of ipsi-RGCs to classify the RGC types that have ipsilateral projections comprehensively. I show
that ipsi-RGCs are comprised of only 9 of the ~40 RGC types. Following tracer injections, I observed that a much higher percentage of ipsi-RGCs are displaced than contralateral. By performing
the first physiological recordings of displaced RGCs, I show that displaced ipsi-RGCs are primarily a few OFF-stratifying types. In contrast, displaced contralateral RGCs are less type restricted.
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(7) Taking advantage of genetic tools available in mice, we electively ablated ipsi-RGCs. I find
that ablation of ipsilateral-RGCs reduces the hunting efficiency of mice. These deficits do not
extend to other visual behaviors, including the pupillary light reflex and optokinetic reflex. Neither
does random removal of RGCs throughout the retina cause deficits in hunting. (8) To see which
ipsi-RGC types likely contribute directly to prey capture, I generated a visual stimulus that approximately mimics how prey looks during hunting and recorded ipsi-RGC responses. I find that
only 5 of 9 ipsi-RGC types respond reliably to this stimulus and, therefore, likely contribute directly to prey capture behavior. (9) In future directions, I discuss ongoing work that uses the intersection of multiple genetic mouse lines to show that ipsilateral projecting sONα- and sOFFαRGCs, as well as being smaller (i.e., higher resolution) in the binocular zone, form complete ipsilateral-projecting mosaics. (10) A substantial fraction ipsi-sOFFα-RGCs are displaced to the INL.
Ipsi -sOFFα-RGCs would not form a complete mosaic if displaced RGCs were not present. This
suggests that the abundance of displaced OFF-RGCs in the ipsilateral fraction is a mechanism to
more easily accommodate ipsilateral and contralateral mosaics within the same region with efficient wiring. These findings lend credence to the hypothesis that a cell-type-specific area centralis
exists in the binocular region of the retina and likely contributes to the increased sensitivity of
binocular vision in mice.
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Chapter 2: A Pixel-Encoder Retinal Ganglion
Cell With Spatially Offset Excitatory and Inhibitory Receptive Fields
The spike trains of retinal ganglion cells (RGCs) are the only source of visual information
to the brain. Here, we genetically identify an RGC type in mice, which functions as a pixel encoder
and increases firing to light increments (PixON-RGC). PixON-RGCs have medium-sized dendritic
arbors and non-canonical center-surround receptive fields. From their receptive field center, PixONRGCs receive only excitatory input, which encodes contrast and spatial information linearly. From
their receptive field surround, PixON-RGCs receive only inhibitory input, which is temporally
matched to the excitatory center input. As a result, the firing rate of PixON-RGCs linearly encodes
local image contrast. Spatially offset (i.e. truly lateral) inhibition of PixON-RGCs arises from spiking GABAergic amacrine cells. The receptive field organization of PixON-RGCs is independent of
stimulus wavelength (i.e., achromatic). PixON-RGCs project predominantly to the dorsal lateral
geniculate nucleus (dLGN) of the thalamus and likely contribute to visual perception.

2.1 Introduction
The output of retinal computations is conveyed to the brain through the spike trains of >30
RGC types. Recent surveys in mice have highlighted the morphological and functional diversity
of RGCs (Sanes and Masland, 2015, Baden et al., 2016, Helmstaedter et al., 2013), but few RGC
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types have been genetically identified and studied in detail. Therefore, what specific information
RGCs encode, how excitatory and inhibitory circuits give rise to their characteristic light responses, and where in the brain RGCs send their information, remains, for most cell types, unknown.
RGCs serve at least three broad functions: (1) to encode local contrast in the retinal image
and support visual perception (Sinha et al., 2017, Schwartz et al., 2012, Pang et al., 2003, van Wyk
et al., 2009); (2) to detect specific forms of motion and drive reflexive behaviors (Huang et al.,
2017, Munch et al., 2009, Sabbah et al., 2017, Zhang et al., 2012); and (3) to measure overall
luminance and regulate non-visual light-dependent processes (Chen et al., 2011, Lazzerini Ospri
et al., 2017). Individual RGC types can contribute to more than one of these functions, which
involve different subcortical targets (Dhande et al., 2015). Recent studies in mice have identified
numerous RGC types that detect specific forms of motion (Zhang et al., 2012, Jacoby and
Schwartz, 2017, Munch et al., 2009, Borst and Euler, 2011), and intrinsically photosensitive RGC
(ipRGC) types that regulate non-visual light-dependent processes (Chen et al., 2011, Lazzerini
Ospri et al., 2017). What murine RGC types contribute to visual perception, which relies on signal
propagation from the retina to dLGN and primary visual cortex, is less well understood
(Kerschensteiner and Guido, 2017). In primates, midget and parasol RGCs dominate input to primary visual cortex (Wassle et al., 1989, Field and Chichilnisky, 2007). Midget RGCs encode contrast and spatial information in the retinal image approximately linearly (i.e., pixel encoders) and
mediate high acuity pattern vision, whereas parasol RGCs integrate spatial information nonlinearly
and are sensitive to motion irrespective of the precise image patterns involved (Field and
Chichilnisky, 2007, Petrusca et al., 2007, Cafaro and Rieke, 2013). Alpha RGCs in mice share
response properties with parasol RGCs in primates, and provide motion-sensitive input to dLGN
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(Cruz-Martin et al., 2014, Pang et al., 2003, Rompani et al., 2017, Schwartz et al., 2012). Whether
the mouse retina contains a pixel-encoder RGC type that projects to dLGN, and, if so, what circuit
mechanisms give rise to its responses remains unknown.
Throughout the nervous system, excitatory and inhibitory synaptic inputs shape the computations of neurons (Isaacson and Scanziani, 2011). Many RGCs receive excitation and inhibition
via one of two circuit motifs (Cafaro and Rieke, 2013, Demb and Singer, 2015, Roska et al., 2006,
Roska and Werblin, 2001). In feedforward inhibition, the same bipolar cells that excite an RGC
activate amacrine cells that inhibit the RGC. In crossover inhibition, bipolar cells with opposite
contrast preferences (ON vs. OFF) excite and inhibit – via amacrine cells – an RGC (Cafaro and
Rieke, 2013, Demb and Singer, 2015, Roska et al., 2006, Roska and Werblin, 2001). In both motifs, excitatory and inhibitory receptive fields have their highest sensitivity over the dendritic field
of the RGC (i.e., the receptive field center), with inhibition extending laterally beyond excitation
(i.e., the receptive field surround). By contrast, inhibitory receptive fields of direction-selective
ganglion cells (DSGCs) are shifted sideways relative to their excitatory receptive fields and dendrites (Fried et al., 2002, Wei et al., 2011, Yonehara et al., 2011), indicating that non-canonical
arrangements of excitatory and inhibitory receptive fields help diversify RGC light responses.
Here, we genetically identify a pixel-encoder RGC type in mice (PixON-RGCs). In twophoton-guided patch clamp recordings, we find that PixON-RGCs encode local image contrast approximately linearly and identify a novel circuit motif (i.e., truly lateral inhibition), which gives
rise to their responses. Combining genetic labeling and retrograde tracing, we show that PixONRGCs project predominantly to the dLGN and likely contribute to visual perception.
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2.2 Results
Genetic, morphological, and functional identification of PixON-RGCs
Characterizing the light responses, circuit mechanisms, and projection patterns of the >30
RGC types, which relay the output of retinal computations to the brain, is a prerequisite to understanding vision. To genetically identify unknown RGC types, we crossed a variety of Cre driver
lines, including Grik4-Cre (Nakazawa et al., 2002), to the tdTomato reporter strain Ai9 (Madisen
et al., 2010), and targeted fluorescent cells under two-photon guidance for patch clamp recordings.
Except where noted otherwise, we recorded cells in the ventral retina where cones express predominantly S-opsin (Baden et al., 2013, Szel et al., 1992) and presented stimuli in the UV spectrum
(peak: 385 nm). In Grik4-Cre:Ai9 retinas, ON and ON-OFF DSGCs were labeled as previously
reported (Ivanova et al., 2010, Martersteck et al., 2017). In addition, we frequently encountered
RGCs with medium-sized, densely branched dendritic arbors stratifying close to the ganglion cell
layer (Figures 2.1A-2.1D). These cells had high baseline firing rates, increased spiking in a sustained manner in response to light increments (i.e., ON stimuli), and decreased spiking during light
decrements (i.e., OFF stimuli, Figures 2.1E – 2.1G). Voltage-clamp recordings revealed that excitatory synaptic inputs matched the spike responses of these cells, which, remarkably, received
no inhibitory input for stimuli restricted to their dendritic field (spot diameter: 300 µm, Figures
2.1E, 2.1H, 2.1I, and 2.2), and, which were not intrinsically photosensitive at light levels ranging
from twilight to bright daylight (Figure 2.3) (Cronin et al., 2014, Johnsen et al., 2006, Milner and
Do, 2017). Based on their genetic labeling, monomorphic dendrites, and consistent physiological
properties, we identify these cells as a single RGC type. We refer to them as PixON-RGCs, because
they appear to function as pixel encoders and increase firing to ON stimuli.
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Figure 2.1. Morphology and light responses of PixON-RGCs.
(A) Orthogonal projections of a two-photon image stack through a representative PixON-RGC
filled during physiological recording in Grik4-Cre:Ai9 mice.
(B) Length of the longest axis through a polygon around the PixON dendritic field (n = 38),
equivalent diameter of the PixON-RGC dendritic field (n = 38), and total dendritic length (n =
23) of PixON-RGCs.
(C) Sholl analysis of traced PixON-RGC dendrites (n = 23).
(D) Stratification of PixON-RGC dendrites within the IPL (n = 18; 0% - 100% border between
inner plexiform layer and inner nuclear layer to border between inner plexiform layer and ganglion cell layer). In (C,D), lines (shaded areas) indicate the means (± SEMs) of the traced population.
(E) Representative spiking (black), and excitatory (red) and inhibitory (cyan) currents in response to presentation of a 300 µm circle (2s ON, 2s OFF; 1500 R*/rod/s background) centered
on the soma of the recorded cell. Dashed lines show baselines in the absence of stimulus.
(F) Spontaneous and peak firing rates (n = 23) in response to the same stimulus as in (E).
(G) Percent of peak spike response remaining 1.5s after stimulus onset (n = 23).
(H) Change in excitatory and inhibitory conductance (n = 38) in response to the same stimulus
as in (E).
(I) Percent of peak excitatory conductance remaining 1.5s after stimulus onset (n = 38). In (FI), dots represent data of individual cells, whereas larger circles (errorbars) indicate means (±
SEMs) of the respective populations.
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Figure 2.2. Current-voltage relationship of synaptic inputs to PixON-RGCs elicited by
small stimuli.
(A) Currents evoked by presentation of a 300 µm circle (2 s ON, 2 s OFF, background: 1500
R*/rod/s) at different holding potentials.
(B) Summary peak current versus voltage curve (n = 5). Line is fit of data by a second order
polynomial.
(C) Histogram showing excitation preferences of all cells (gray) in Grik4-Cre:Ai9 for which
both excitatory and inhibitory currents were recorded during presentation of a 300-µm circle.
The histogram of PixON-RGCs’ excitation preference is overlaid in red.

Figure 2.3. PixON-RGCs do not stain for melanopsin and are not intrinsically photosensitive.
(A) Melanopsin staining in a Grik4-Cre:Ai9 retina.
(B) Representative EPSCs of a PixON-RGC to full-field light stimulation in control conditions
(red) and under blockade of synaptic inputs to PixON-RGCs (light red). Dashed line shows baseline in the absence of stimulus.
(C) Summary of excitatory conductance evoked by full-field light stimulation in the presence
of synaptic blockers (n = 8). Stimuli were presented at ~1000 R* (~2 * 1011 photons / cm2 / s)
and ~107 R* (~2 * 1015 photons / cm2 / s).
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Linear encoding of contrast and spatial information by PixON-RGCs
To allow the brain to infer image patterns accurately, pixel-encoder RGCs change their
firing rates approximately linearly as a function of the light intensity over their dendritic fields,
and do not respond to stimuli, including second-order motion (Demb et al., 2001), for which the
overall light intensity in this area does not change (Sinha et al., 2017, Field and Chichilnisky,
2007). Recording spike responses to spots (diameter: 300 µm) of varying intensity, we found that
PixON-RGCs increased and decreased their firing rates approximately linearly to positive and negative contrast steps, respectively (Figures 2.4A and 2.4B). These responses matched excitatory
synaptic inputs to PixON-RGCs, which increased and decreased linearly from high tonic levels (1.3
± 0.2 nS, mean ± SEM, n = 9) to light increments and decrements, respectively (Figures 2.4C and
2.4D).
We next recorded the spike trains of PixON-RGCs during presentation and motion of textures of varying spatial scales. We balanced textures to keep the average light intensity above the
dendritic field of each RGC constant (Figure 2.4E). PixON-RGCs responded neither to presentation
nor motion of these textures (Figures 2.4F – 2.4H), and neither elicited synaptic excitation (Figures
2.4I – 2.4K). By contrast, the ON DSGCs and ON-OFF DSGCs labeled in Grik4-Cre:Ai9 retinas
responded robustly to both the presentation and motion of texture stimuli (Figure 2.5). Thus, PixONRGCs encode contrast and spatial information linearly. They inherit these properties from their
excitatory input and receive no synaptic inhibition from their receptive field center.
To characterize the temporal response properties of PixON-RGCs, we recorded spike trains
during presentation of Gaussian white noise stimuli. Reverse correlation of responses with the
stimulus revealed monophasic temporal filter kernels (Figure 2.6), with opposite polarity in the
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receptive field center and surround, in keeping with the sustained responses observed during contrast steps.

Figure 2.4. Linear contrast response functions and linear spatial integration of PixONRGCs.
(A,C) Representative spike (A) and EPSC (C) responses to contrast steps presented in a 300 µm
circle centered on the soma of the recorded cell.
(B,D) Contrast response functions of normalized spike rate (B, n = 13) and excitation (D, n =
6). Circles (errorbars) indicate means (± SEMs) of the respective populations.
(E) Representative texture stimuli of different spatial scales masked in a 300 µm circle. Textures appeared from a grey background (onset) and were then translated 33 µm in either the
dorsal, ventral, nasal, or temporal direction (motion). Textured regions were of the same mean
luminance as the background.
(F,I) Representative spike (F) and excitatory (I) responses of a PixON-RGC to presentation of
textures of the spatial scales shown in (E).
(G,H) Summary data of PixON-RGC spike responses to the onset (G) and motion (H) of texture
stimuli of different spatial scales. Circles (errorbars) indicate means (± SEMs) of the population
(n = 13).
(J,K) analogous to (G,H) for excitation (n = 3).

22

Figure 2.5. Responses of direction-selective ganglion cells in Grik4-Cre:Ai9 to texture stimuli.
(A) Representative texture stimuli of different spatial scales masked in a 300 µm circle. Textures appeared from a grey background (onset) and were then translated 33 µm in either the
dorsal, ventral, nasal, or temporal direction (motion). Textured regions had the same mean luminance as the background.
(B) Representative spike responses of an ON-OFF DSGC (ooDSGC) to presentation of textures
of the spatial scales shown in (A).
(C, D) Summary of ON-OFF DSGC spike responses to the onset (C, n = 4) and motion (D, n =
4) of texture stimuli of different spatial scales. ON-OFF DSGCs exhibited directional preference during texture motion. Firing rates shown are for motion in the preferred direction.
(E) Representative spike responses of an ON DSGC (oDSGC) to presentation of textures of the
spatial scales shown in (A).
(F, G) Summary of ON DSGC spike responses to the onset (F, n = 4) and motion (G, n = 4) of
texture stimuli of different spatial scales. ON DSGC exhibited directional preference during
texture motion. Firing rates shown are for motion in preferred direction.
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Figure 2.6. Spatiotemporal receptive fields of PixON-RGCs.
(A) Representative spatiotemporal receptive field map of a PixON-RGC measured from its spike
response to a circular white noise stimulus with rings of constant area.
(B) Spike-triggered average (STA) responses of the center (300 µm circle) and surrounding
rings (n = 3). An additional 11 cells were recorded in which the white noise stimulus was only
presented within the center 300 µm circle. Lines (shaded areas) indicate the mean (± SEM)
temporal kernels of the center (black) and surround (magenta) regions.
(C) Summary of STA biphasic indices (STA peak/|STA trough|) (n = 14 center, n = 3 surround).
(D) Summary of times to the STA peak (n = 14 center, n = 3 surround).

Surround suppression of PixON-RGCs and its mechanisms
Many RGCs show attenuated responses to large stimuli (Kuffler, 1953, Demb and Singer,
2015). This enhances edges in their representation of the retinal image, which facilitates pattern
and object recognition in the brain (Egan et al., 2016, Biederman and Ju, 1988). To explore the
stimulus size tuning of PixON-RGCs, we presented spots of varying diameter (20 μm – 1200 μm)
in pseudorandom sequences. ON responses increased up to a stimulus size of 300 μm and were
strongly suppressed by larger stimuli (Figures 2.7A and 2.7B). Thus, PixON-RGCs fired at only
17.2% ± 8.8% (n = 22) of their maximal response rates when stimulated with 1200 μm spots.
Excitatory synaptic inputs similarly increased to a stimulus size of 300 μm, but were suppressed
to a lesser degree than spike responses by larger stimuli (Figures 2.7C and 2.7D). Thus, 1200 μm
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spots still activated 49.0% ± 9.4% (n = 9) of the maximal excitatory conductance of PixON-RGCs.
Although spots restricted to their dendritic fields did not evoke inhibition, we found that larger
stimuli gradually activated inhibitory synaptic inputs to PixON-RGCs (Figures 2.7E and 2.7F). Because PixON-RGCs received little or no tonic inhibition, only ON stimuli modulated these inputs
(Figures 2.7E, 2.7F, and 2.8), and suppression of tonic excitation underlay the spike suppression
at light OFF. Thus, PixON-RGCs encode stimulus contrast and spatial information linearly, reflecting properties of excitatory inputs from their receptive field center, and exhibit strong size selectivity (i.e. a preference for local contrast or edges) due to a combination of pre- and postsynaptic
inhibition. The latter, unusually, is recruited only by stimuli that extend beyond the dendrites of
PixON-RGCs into their receptive field surround.

Figure 2.7. Spatial receptive fields of PixON-RGCs.
(A,C,E) Representative spike (A, black), EPSC (C, red), and IPSC (E, cyan) responses to
square-wave modulation (2 s ON, 2 s OFF) of circles of varying diameter. Dashed lines show
baselines in the absence of stimulus.
(B,D,F) Firing rates (B, n = 22), and changes in excitatory (D, n = 9) and inhibitory conductances (F, n = 9) during ON (open circles) and OFF (filled circles) plotted as a function of stimulus diameter. Circles (errorbars) indicate means (± SEMs) of the respective populations.
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Figure 2.8. Contrast response function and texture responses of inhibition to PixON-RGCs.
(A) Representative IPSC responses to contrast steps presented in a 1200-µm circle centered on
the soma of the recorded cell. Dashed line shows baseline in the absence of stimulus.
(B) Contrast response function of normalized inhibitory conductance (B, n = 4).
(C) Texture stimulus as described in Figures 3 and S3, but here textures are masked in a 1200µm circle.
(D) Representative inhibitory responses of a PixON-RGC to the presentation of textures of the
spatial scales shown in (C).
(E, F) Summary of Inhibitory responses to the onset (E, n = 3) and motion (F, n = 3) of texture
stimuli of different spatial scales.
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Kinetics and mechanisms of inhibitory synaptic inputs to PixON-RGCs
Comparing the timing of synaptic inputs elicited by large stimuli (diameter: 1200 µm), we
found that inhibition and excitation were temporally matched (Figure 2.9A). Thus, neither the time
to peak (Figure 2.9B) nor the percentages of sustained input (excitation: 47.8% ± 7.0%, inhibition:
46.1% ± 2.6%, n = 15, p > 0.8) were significantly different between excitation and inhibition.
Because inhibition, in spite of originating in the receptive field surround, reached PixON-RGCs
simultaneously with excitation from the receptive field center, we hypothesized that spiking GABAergic wide-field amacrine cells may be its source. We tested this hypothesis pharmacologically.
Both gabazine and TTX blocked inhibition to PixON-RGCs (Figures 2.9C – 2.9F), indicating that
inhibition is mediated by GABAA receptors and provided by spiking GABAergic wide-field amacrine cells. In addition to using spikes to relay signals from the surround, at least one retinal circuit
accelerates inhibition by driving amacrine cells via gap-junctional rather than glutamatergic input
from bipolar cells (Farrow et al., 2013). Inhibition to PixON-RGCs was blocked completely by
D-AP5 and NBQX (Figures 2.9G and 2.9H), suggesting that the spiking GABAergic wide-field
amacrine cells in this circuit are activated by conventional glutamatergic input from bipolar cells.
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Figure 2.9. Kinetics and mechanisms of PixON-RGC inhibition.
(A) Representative normalized excitatory (red) and inhibitory (cyan) conductances in response
to presentation of a 1200 µm circle.
(B) Time from stimulus onset to peak of excitatory (n = 15) and inhibitory (n = 15) currents in
response to presentation of a 1200 µm circle (p = 0.544).
(C) Representative IPSCs in control (cyan) solution and in the presence of the GABAA receptor
antagonist gabazine (blue) evoked by square-wave modulation (2s ON, 2s OFF) of a 1200 µm
circle.
(D) Summary data of inhibitory conductance under control conditions (cyan) or in the presence
of gabazine (blue, n = 4, p < 0.004). Lines indicate results from individual cells, whereas circles
(errorbars) indicate the means (± SEMs) of the respective population.
(E, F) Analogous to C (E) and D (F) but for tetrodotoxin (TTX, n = 4, p < 0.003).
(G,H) Analogous to C (G) and D (H) but for NMDA (D-AP5) and AMPA (NBQX) receptor
antagonists (n = 3, p < 0.03).
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Spatially offset inhibitory and excitatory receptive fields of PixON-RGCs
For centered spots, we found that inhibition was restricted to large stimuli, which extended
beyond PixON-RGCs’ dendritic fields (Figure 2.7). This could either be because the wide-field
amacrine cells that provide this input need to integrate bipolar cell inputs over large areas to pass
spike threshold (i.e., size-thresholded inhibition), or because the wide-field amacrine cells that
inhibit a given PixON-RGC receive their excitatory input outside its dendritic field (i.e., spatially
offset inhibition). We designed two sets of stimuli to distinguish between these possibilities. First,
we gradually eroded a large centered spot (diameter: 1200 µm) from the inside (Figure 2.10A).
Inhibition elicited by this stimulus declined only after the inner stimulus boundary had receded
beyond the dendritic territory of PixON-RGCs (Figures 2.10A – 2.10C). Second, we presented a
stimulus square (side length: 300 μm) in a 3 x 3 grid centered on a PixON-RGC (Figure 2.10D).
Consistently, the center square failed to elicit inhibitory synaptic inputs, whereas all other squares
evoked robust inhibition (Figures 2.10D – 2.10F). The responses of PixON-RGC inhibition differed
drastically from those of ONa-RGCs (Figure 2.11), which receive canonical feedforward inhibition. We conclude that the inhibitory receptive fields of PixON-RGCs are spatially offset from their
dendrites and their excitatory receptive fields (Figure 2.12); and that PixON-RGCs receive inputs
from a previously unknown circuit motif, which we refer to as truly lateral inhibition (Figure
2.10G).
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Figure 2.10. Spatially offset inhibition of PixON-RGCs.
(A) Annuli of constant 1200 µm outer diameter and varying inner diameter were presented as
100% contrast steps (2 s ON) from a grey background (1500 R*/rod/s).
(B) Representative IPSCs in response to annuli shown in (A).
(C) Summary data plotting inhibitory conductance as a function of the inner diameter of stimulus annuli. Circles (errorbars) indicate mean (± SEM) of the recorded population (n = 7).
(D) The display was divided into a 3 x 3 grid of 300 µm x 300 µm squares and centered on the
soma of the recorded cell. Between stimulus presentations all squares had the same luminance
(1500 R*/rod/s). During stimulus presentation, one of the nine squares increased in luminance
(100% contrast, 2 s ON).
(E) Representative IPSCs in response to appearance of squares in the positions shown in (A).
(F) Map of the normalized inhibitory conductance evoked by the appearance of a square at each
position (n = 4). Coloration indicates the strength of inhibition.
(G) Sensitivity profiles of excitatory and inhibitory receptive fields in feedforward inhibition,
in crossover inhibition, and in truly lateral inhibition.
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Figure 2.11. Inhibitory receptive fields of sONα-RGCs.
(A) Annuli of constant outer diameter (1200 µm) and varying inner diameter were presented as
100% contrast steps (2 s ON) from a grey background (1500 R*/rod/s).
(B) Representative IPSCs in an sONα-RGC in response to annuli shown in (A).
(C) Normalized inhibitory conductance versus annulus inner diameter (n = 3).
(D) The display was divided into a 3 x 3 gird of 300 µm x 300 µm squares and centered on the
soma of the recorded cell. Between stimulus presentations all squares had the same luminance
(1500 R*/rod/s). During stimulus presentation, one of the nine squares increased in luminance
(100% contrast, 2 s ON).
(E) Representative IPSCs in an sONα-RGC in response to appearance of squares in the positions shown in (D).
(F) Map of the normalized inhibitory conductance evoked by the appearance of a square at each
position (n = 2).
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Figure 2.12. Spatial separation of excitatory and inhibitory receptive fields of PixONRGCs.
(A) Annuli of constant width (60 µm) and varying inner diameters were square-wave modulated
(2 s ON, 2 s OFF, background: 1500 R*/rod/s).
(B, D) Representative excitatory (B, red) and inhibitory (D, cyan) currents evoked by annuli
shown in (A). Dashed lines show baselines in the absence of stimulus.
(C) Excitatory conductance (inward only) versus annulus inner diameter (n = 4). (E) Inhibitory
conductance (outward only) versus annulus inner diameter (n = 8).
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Wavelength independence of PixON-RGC’s receptive field organization
To test whether the organization of PixON-RGC receptive fields depends on stimulus wavelength and whether these cells encode chromatic information, we recorded PixON-RGCs at different points along the dorsoventral gradient of cone opsin expression (Baden et al., 2013, Szel et al.,
1992) noting their position in the retina (Figures 2.13A and 2.13B). In addition, we switched from
stimulating in the UV spectrum (peak: 385 nm), which favors S-opsin activation, to stimulating
with green light (peak: 532 nm), favoring M-opsin activation. Excitatory and inhibitory receptive
fields of PixON-RGCs probed with green stimuli in the dorsal (Figures 2.13C and D; n = 4) and
ventral (Figures 2.13G and H; n = 3) retina were activated exclusively by light increments and
were spatially offset, identical to our observations for UV stimuli in the ventral retina (Figure 2.7).
In addition, with the exception of one cell in the opsin transitional zone (OTZ) (Figures 2.13E and
2.13F), the ratio of center excitation and surround inhibition was similar across the retina and
stimulus wavelengths. Thus, outside of the OTZ, where color-opponent responses arise in several
RGC types without cone-type selective connectivity (Chang et al., 2013), PixON-RGCs appear not
to encode chromatic information, and their receptive field organization is wavelength independent.
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Figure 2.13. Spatial receptive field organization of PixON-RGCs with green stimulus.
(A) Green visual stimulus (peak: 532 nm) was used to probe receptive field properties of PixONRGCs.
(B) Schematic of the retina showing approximate locations of recorded cells (OTZ: opsin transition zone).
(C) Representative EPSC (red) and IPSC (cyan) responses to square-wave modulation (2 s ON,
2 s OFF) of either a 300 µm (left) or 1200 µm (right) circle from a cell recorded in the dorsal
retina. Dashed lines show baselines in the absence of stimulus.
(D) Summary of changes in excitatory and inhibitory conductances of cells recorded in the
dorsal retina (n = 4) during the ON phase of the stimulus, plotted as a function of stimulus
diameter. Circles (errorbars) indicate means (± SEMs) of the respective populations.
(E,F,G,H) Analogous to (C,D), but for a cell recorded near the OTZ (E,F) (n = 1) or cells recorded in the ventral retina (G,H) (n = 3).
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PixON-RGC axons project to dLGN
Visual perception relies on retinal input to dLGN (Saalmann and Kastner, 2011,
Kerschensteiner and Guido, 2017). To determine whether PixON-RGCs could contribute to visual
perception, we retrogradely traced their axonal projection patterns. We injected either cholera
toxin B conjugated to Alexa488 (CTB488) or an adeno-associated virus expressing GCaMP6f in
a Cre-dependent manner (AAV9-Syn-FLEX-GCaMP6f) into subcortical visual targets labeled in
Grik4-Cre:Ai9 mice (Figure 2.14A). We then targeted RGCs co-labeled with tdTomato and
CTB488 or GCaMP6f for patch-clamp recordings, and identified PixON-RGCs by their characteristic morphology (Figure 2.14B) and light responses. Of the 74 PixON-RGCs included in this study,
23 were targeted in this way. PixON-RGCs accounted for approximately 1/3 of the cells co-labeled
after dLGN injections. By comparison, PixON-RGCs made up smaller fractions of co-labeled cells
after injections into vLGN or superior colliculus (SC), and no PixON-RGCs were labeled by injections into the medial terminal nucleus (MTN, Figure 2.14C). This projection pattern of PixON-RGC
axons supports the notion that they contribute to visual perception.

Figure 2.14. Retrograde tracing of PixON-RGCs’ axonal projections.
(A) Representative CTB injection primarily in the core of dLGN.
(B) Morphology of a tdTomato and CTB positive (inset) cell targeted, recorded and filled following injection of CTB into dLGN in a Grik4-Cre:Ai9 mouse.
(C) Percentage of recorded cells that were both tdTomato and CTB positive, and had physiological and morphological properties of PixON-RGCs following CTB injection into different
brain regions (dLGN: 19/65 cells; vLGN: 3/38 cells; SC: 1/14 cells; MTN: 0/10 cells).
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2.3 Discussion
In this study, we discover and characterize an RGC type in the mouse retina (PixON-RGCs).
The dendrites of PixON-RGCs, which morphologically resemble cluster 9n cells in the Eyewire
museum (Bae et al., 2017), stratify near the boundary between the inner plexiform and ganglion
cell layer, and receive sustained excitatory input from ON bipolar cells (Figure 2.1) (Euler et al.,
2014, Franke et al., 2017). Tonic excitation likely accounts for the high baseline firing rates of
PixON-RGCs (Figure 2.1) and bidirectional changes in excitatory input underlie their approximately linear contrast encoding (Figure 2.4). Similarly high baseline firing rates and linear contrast
response functions have been recorded in sONa-RGCs (Grimes et al., 2014, Schwartz et al., 2012,
Tien et al., 2017). However, unlike sONa-RGCs (Grimes et al., 2014, Schwartz et al., 2012, Tien
et al., 2017), PixON-RGCs integrate spatial information linearly and do not respond to stimuli that
do not change the average light intensity in their dendritic fields (Figure 2.4). Linear spatial integration and linear contrast response functions enable PixON-RGCs to encode relatively faithfully
the retinal image. These properties of PixON-RGCs are reminiscent of X/beta RGCs in cats, rabbits,
and guinea pigs (Enroth-Cugell and Robson, 1966, Demb et al., 2001, Cleland and Levick, 1974,
Roska et al., 2006), and to midget RGCs in primates (Crook et al., 2011, Sinha et al., 2017). Compared to these pixel-encoder cell types, dendritic fields of PixON-RGCs span larger areas of visual
space (7.1° ± 1.1°, n = 38). Whether other pixel-encoder RGCs with smaller dendrites exist in the
mouse retina, and how PixON-RGCs influence visual acuity remains to be explored (Prusky et al.,
2000, Burgess et al., 2017).
PixON-RGCs receive only excitatory synaptic input from their receptive field center, and
receive only inhibitory synaptic input from their receptive field surround (Figures 2.10 and 2.12).
We refer to this circuit motif as truly lateral inhibition. Because inhibition is excluded from the
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receptive field center, PixON-RGC spike responses are coupled with high gain to excitatory input
elicited by small stimuli (diameter 300 µm: 17.5 ± 2.8 sp / s / nS). For larger stimuli, spatially
offset inhibition reduces the gain of the excitation-spike coupling (diameter 1200 µm: 8.5 ± 3.6 sp
/ s / nS), which, together with presynaptic inhibition, accounts for the nearly complete surround
suppression. Thus, truly lateral inhibition allows for a combination of high gain in the receptive
field center and strong surround suppression. This enables PixON-RGCs to encode relatively faithfully the retinal image, deemphasizing regions of uniform intensity. Because excitation and inhibition are temporally matched (Figure 2.9), stimulation of the surround suppresses the amplitude
of the center response without changing its dynamics. This further simplifies the apparent image
encoding of PixON-RGCs.
We find that spiking GABAergic amacrine cells provide the inhibitory input to PixONRGCs. The most parsimonious explanation for the spatial offset of inhibitory receptive fields is
that these amacrine cells receive input and provide output in separate arbors (dendrite and axon,
respectively) or separate regions of the same arbor. Polyaxonal amacrine cells are an appealing
candidate for the spatially offset inhibitory receptive fields of PixON-RGCs (Famiglietti, 1992,
Volgyi et al., 2001), which unlike the spatially offset inhibitory receptive fields of DSGCs
(Briggman et al., 2011, Fried et al., 2002, Wei et al., 2011, Yonehara et al., 2011), surround the
excitatory receptive fields symmetrically. The cellular composition of the circuit that mediates
truly lateral inhibition of PixON-RGCs remains to be explored experimentally, which may reveal
more complicated wiring schemes.
The receptive field organization of PixON-RGCs was indistinguishable between the dorsal
and the ventral retina and between stimuli that preferentially activity S- or M-opsin, indicating that
outside the OTZ where color-opponency can arise in several RGC types without cone-type
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selective wiring (Chang et al., 2013), PixON-RGCs do not encode chromatic information. A recent
paper described an RGC type, referred to as M5 (Stabio et al., 2017), which morphologically resembles PixON-RGCs and which likewise receives sustained excitatory inputs. However, M5
RGCs were suggested to consistently encode chromatic information and to exhibit intrinsic photocurrents. PixON-RGCs did not stain for melanopsin and did not exhibit intrinsic photocurrents at
light levels equivalent to bright daylight (Figure 2.3) (Cronin et al., 2014, Johnsen et al., 2006,
Milner and Do, 2017), which elicited large intrinsic photocurrents in M1 RGCs (data not shown).
Thus, is seems that despite their morphologic similarity PixON-RGCs and M5 RGCs may be distinct cell types.
Combining retrograde tracing and genetic labeling, we found that PixON-RGC axons project predominantly to dLGN (Figure 2.14). To what extent information from PixON-RGCs is preserved in dLGN or whether it is recombined with other retinal inputs before being sent to primary
visual cortex remains to be determined. Interestingly, sustained ON responses that linearly encode
contrast and spatial information have been recorded in dLGN (Piscopo et al., 2013), and RGCs
with morphologies similar to PixON-RGCs have been shown to contribute to relay mode innervation of dLGN neurons (Rompani et al., 2017). These findings suggest that information of PixONRGC may be preserved in dLGN and relayed faithfully to primary visual cortex. Future studies
will have to test this experimentally and probe the contribution of PixON-RGCs to visual perception.
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2.4 Materials and Methods
Animals
Throughout this study, we used Grik4-Cre mice (Nakazawa et al., 2002) (Jackson Laboratories
stock #006474) crossed to the tdTomato reporter strain Ai9 (Madisen et al., 2010) (Jackson Laboratories stock #007909) to label PixON-RGCs. We isolated retinas from young adult mice (postnatal day P21 – P40) of both sexes. All experiments in this study were approved by the Institutional
Animal Care and Use Committee of Washington University School of Medicine and were performed in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Tissue preparation
Mice were deeply anesthetized with CO2, killed by cervical dislocation, and enucleated. For patch
clamp recordings, mice were dark adapted overnight before their retinas were isolated under infrared illumination (> 900 nm) in oxygenated mACSFNaHCO3 containing (in mM) 125 NaCl, 2.5
KCl, 1 MgCl2, 1.25 NaH2PO4, 2 CaCl2, 20 glucose, 26 NaHCO3 and 0.5 L-glutamine equilibrated
with 95% O2 / 5% CO2. For confocal imaging, retinas were isolated in oxygenated mouse artificial
cerebrospinal fluid (mACSFHEPES) containing (in mM): 119 NaCl, 2.5 KCl, 1 NaH2PO4, 2.5 CaCl2,
1.3 MgCl2, 20 HEPES, and 11 glucose (pH adjusted to 7.37 using NaOH), mounted flat on filter
paper and fixed for 30 min in 4% paraformaldehyde in mACSFHEPES.

Immunohistochemistry
Flat-mount preparations were cryoprotected (1 hr 10% sucrose in PBS at RT, 1 hr 20% sucrose in
PBS at RT, and overnight 30% sucrose in PBS at 4°C), frozen and thawed three times, and blocked

39

with 10% Normal Donkey Serum in PBS for 2 hrs before incubation with primary antibodies for
5 d at 4°C. Flat mounts were washed in PBS (3 x 1 hr) at RT, incubated with secondary antibodies
for 1 d at 4°C and washed in PBS (3 x 1 hr) at room temperature. The following primary antibodies
were used in this study: rabbit anti-Melanopsin (1:5000, Abcam, RRID:AB_444842), mouse antiRFP (1:1000, Abcam, RRID:AB_945213). Secondary antibodies were Alexa 488 and Alexa 568
conjugates (1:1000, Invitrogen, RRID:AB_2556546 and RRID:AB_2534013).

Confocal imaging
Image stacks of fixed tissue were acquired through a 20 X 0.85 NA oil immersion objective (Olympus) on an upright laser scanning confocal microscope (FV1000, Olympus) and processed with
Fiji (Schindelin et al., 2012).

Electrophysiology
Cell-attached and whole-cell patch-clamp recordings were obtained primarily from the ventral
halves of dark-adapted retinas, flat-mounted on transparent membrane discs (13mm Whatman Anodisc) superfused (~7 mL / min) with warm (30-33°C) mACSFNaHCO3. Fluorescent RGCs were
targeted under two-photon guidance (excitation wavelength: 940 nm) in Grik4-Cre:Ai9 retinas.
The intracellular solution for current-clamp recordings contained (in mM) 125 K-gluconate, 10
NaCl, 1 MgCl2, 10 EGTA, 5 HEPES, 5 ATP-Na2, and 0.1 GTP-Na (pH adjusted to 7.2 with KOH).
The intracellular solution for voltage-clamp recordings contained (in mM) 120 Cs-gluconate, 1
CaCl2, 1 MgCl2, 10 Na-HEPES, 11 EGTA, 10 TEA-Cl, 2 Qx314, ATP-Na2, and 0.1 GTP-Na (pH
adjusted to 7.2 with CsOH). Patch pipettes had resistances of 3-6 MΩ (borosilicate glass). Signals
were amplified with a Multiclamp 700B amplifier (Molecular Devices), filtered at 3 kHz (8-pole
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Bessel low-pass), and sampled at 10 kHz (Digidata 1550, Molecular Devices). For voltage-clamp
recordings, series resistance (<15 MΩ) was compensated electronically by ∼60%. All reported
voltages were corrected for a liquid junction potential of ~-15 mV. Excitatory postsynaptic currents (EPSCs) were measured near the reversal potential of inhibitory conductances (-70 mV) and
inhibitory postsynaptic currents (IPSCs) were measured near the reversal potential of excitatory
conductances (0 mV). In some experiments (Figure 2.9), the following pharmacological agents
were individually added to mACSFNaHCO3 and bath-applied: Gabazine (5 μM, Tocris), D-AP5
(30 μM, Tocris), NBQX (10 µM,Tocris), or tetrodotoxin (TTX, 1 μM, Sigma). To measure intrinsic photosensitivity (Figure 2.3), the following agents were applied simultaneously: L-AP4
(100 μM, Tocris), NBQX (10 µM,Tocris), Gabazine (5 μM, Tocris), Strychnine (2 μM, Sigma Aldrich) and D-AP5 (30 μM,Tocris).

Retrograde labeling
Mice were anesthetized with ketamine (1 mg/10 g) and Cholera toxin B conjugated to Alexa 488
(1g/L; 150 nL, ThermoFisher) or AAV9-Syn-FLEX-GCaMP6f (University of Pennsylvania Vector
Core) were injected into different brain regions using a NanojectII (Drummond). Approximately
72 h after injection, retinas were prepared for physiological recordings as described above while
brains were removed and placed in 4% paraformaldehyde overnight. The following day, brains
were sectioned, stained with NeuroTrace (ThermoFisher), and mounted for confocal imaging.
Brain slices were imaged on a confocal microscope to verify injection accuracy.
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Visual stimulation
All visual stimuli were written using the Cogent Graphics toolbox (John Romaya, Laboratory of
Neurobiology at the Wellcome Department of Imaging Neuroscience, University College London)
in MATLAB (The Mathworks). A UV E4500 MKII PLUS II projector illuminated by a 385 nm
LED (EKB Technologies) was used for stimulus presentation, except for Figures 2.13 and 2.3 in
which the green (peak: 532 nm) and blue (peak: 452 nm) LEDs, respectively, of a DLP LightCrafter 4500 (Texas Instruments) were used. Stimuli were focused onto the photoreceptors via a
substage condenser of an upright two-photon microscope (Scientifica). All stimuli were centered
on the soma of the recorded cell. A background luminance of 1,500 rhodopsin isomerizations /
rod/ s (R*) was used for all visual stimuli unless otherwise noted. In Figures 2.1 and 2.9, a circular
region (Figure 2.1 diameter: 300 μm, Figure 2.9 diameter: 1200 μm) was square-wave modulated
at a frequency of 0.25 Hz (Michelson contrast: 100%). In Figures 2.4 and 2.8, contrast sensitivity
was tested by 1 s luminance steps within a circular region (Figure 2.4 diameter: 300 μm, Figure
2.8 diameter: 1200 μm) every 3 s. To test spatiotemporal filtering (Figure 2.6), the receptive field
center was stimulated by a 300 μm circle and the surround was stimulated by a series of annuli of
equal area to the center circle, but of varying inner and outer diameters. The intensities of these
regions were chosen randomly from a normal distribution (RMS contrast: 40%) every 16.7 mS
(refresh rate: 60 Hz) for 18-24 min. In another series of experiments, only the center was stimulated. In In Figures 2.4, 2.5, and 2.8 textures of varying scale (2, 12, 20, 32, 48, 60 μm) were
generated by convolving random binary maps with 2D Gaussian filters. Textures were masked
within a 300 μm (Figures 2.4 and 2.5), or 1200 μm (Figure 2.8) circle. The mean luminance of the
textured region was equal to that of the background. In Figure 2.7, circles of varying diameters
were presented in a pseudo random sequence and square-wave modulated at 0.25 Hz (Michelson
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contrast: 100%). In Figure 2.3, a full-field light pulse from a black background was presented for
20 seconds. The intensity of these light pulses (peak: 452 nm) ranged from ~1000 R* (~2 * 1011
photons / cm2 / s) to ~107 R* (~2 * 1015 photons / cm2 / s), the equivalent of twilight and bright
daylight, respectively (Cronin et al., 2014, Johnsen et al., 2006, Milner and Do, 2017). In Figures
2.10 and 2.11, annuli with outer diameters of 1200 μm and inner diameters ranging from 0 μm (i.e.
a 1200 μm circle) to 1200 μm (i.e. uniform background) were presented in a pseudorandom order
as +100% contrast steps from background for 2 s. Also in Figures 2.10 and 2.11, the display was
divided into a 3 x 3 grid of squares (300 μm side lengths), with the center square centered on the
recorded RGC soma. With each stimulus presentation, 1 of the 9 squares increased in luminance
(+100% contrast) for 2s. The visual stimulus in Figure 2.13 was analogous to the visual stimulus
in Figure 2.7, but green light (peak: 532 nm) was used instead of UV (peak: 385 nm). In Figure
2.12, annuli of constant width (60 μm) and varying inner and outer diameters were presented in
pseudorandom sequences as +100% contrast steps from background for 2 s.

Electrophysiology analysis
Average spike rates or baseline-subtracted average conductances were measured during 100-200
ms time windows. The percentages of responses that were sustained were calculated by dividing
the response 1.5 s after stimulus onset by the peak response. Excitation preference (Figure 2.2)
was calculated as the difference between the peak excitatory and inhibitory conductances evoked
by the presentation of a 300-μm circle divided by the sum of these conductances. A value of 1
indicates pure excitation, and a value of -1 indicates pure inhibition. Following white noise stimulation (Figure 2.6), spike-triggered stimulus averages (STAs) were calculated by reverse
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correlation and used to map spatiotemporal receptive fields (Johnson et al., 2017). All analyses
were performed using custom scripts written in MATLAB.

Morphological analysis
To calculate dendritic field diameters, maximum intensity projections of Alexa 488 filled cells
were made in Fiji. Using custom software written in MATLAB, a polygon was drawn around the
edges of a cell’s dendrites, and the dendritic field diameter was calculated as the longest distance
across the polygon. The area of the polygon was also calculated, and the equivalent diameter was
!

calculated as the diameter of a circle with the same area as the polygon (2#", where A is the area
of the polygon). Neurite length was calculated by tracing Z-stack images of Alexa 488 filled cells
using the Simple Neurite Tracer plugin (Longair et al., 2011) in Fiji. Dendritic branching patterns
were analyzed using the Sholl Analysis plugin (Ferreira et al., 2014) in Fiji. To calculate IPL depth,
IPL borders were detected from transmitted light images. Z-stack images of filled cells were registered by their relative position within the inner plexiform layer (0% - 100% from its border with
inner nuclear layer to its border with the ganglion cell layer). Fluorescence intensity at each depth
was measured using custom scripts written in MATLAB.

Statistics
Paired t-tests and ANOVA were used to assess the statistical significance of observed differences.
Unless otherwise noted, population data are reported as mean ± SEM and n’s represent the numbers of cells analyzed.
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Chapter 3: Cell-type-specific binocular vision
guides predation
Predators use vision to hunt, and hunting success is one of evolution's main selection pressures. Yet, how viewing strategies and visual systems are adapted to predation is unclear. Tracking
predator-prey interactions of mice and crickets in 3D, we find that mice trace crickets with their
binocular visual fields and that monocular mice are poor hunters. Mammalian binocular vision
requires ipsi- and contralateral projections of retinal ganglion cells (RGCs) to the brain. Largescale single-cell recordings and morphological reconstructions reveal that only a small subset
(9/40+) of RGC types in the ventrotemporal mouse retina innervate ipsilateral brain areas (ipsiRGCs). Selective ablation of the ipsi-RGCs (< 2% of RGCs) in the adult retina drastically reduces
the hunting success of mice. Stimuli based on ethological observations indicate that five ipsi-RGC
types reliably signal prey. Thus, viewing strategies align with a spatially restricted and cell-typespecific set of ipsi-RGCs that supports binocular vision to guide predation.

3.1 Introduction
Because hunting success is a central selection pressure in animal evolution (Sillar et al.,
2016), understanding how nervous systems mediate hunting promises insights into their functional
organization and evolution. Animals use vision to detect, pursue, and capture prey (Ewert et al.,
2001; Hoy et al., 2016). In mammals, binocular vision, which combines information from the visual field shared by both eyes, is thought to have arisen for predation (Cartmill, 1974; Pettigrew,
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1986). In theory, binocular vision can break a prey's camouflage, estimate the distance between
predator and prey more accurately than monocular vision, and improve sensitivity in dim light and
low contrast (Nityananda and Read, 2017; Ponce and Born, 2008). Predators tend to have larger
binocular visual fields than prey (Heesy, 2008; Walls, 1942). However, whether binocular vision
guides mammalian predation and improves hunting success remains to be tested.
Mice use vision to hunt insects (Hoy et al., 2016; Langley, 1989; Whitaker, 1966). Recently, simultaneous head and eye movement measurements revealed that mice track prey primarily by moving their heads (Michaiel et al., 2020), and 2D movies shot from above showed that
mice keep crickets within the lateral extent of their binocular visual fields (i.e., the central 40 °)
(Hoy et al., 2016; Michaiel et al., 2020). However, at close distances, prey could be obscured from
view by the mouse's head, and the role of vision in the final stages of the attack remains uncertain
(Hoy et al., 2016). Furthermore, how mice capture crickets is unclear as interactions between predator and prey are only partly visible from above. Thus, the viewing strategies and behavioral repertoire of predation in mice are incompletely understood.
Binocular vision requires the convergence of information from both eyes. In mammals,
this convergence is achieved by a partial decussation of retinal ganglion cell (RGC) axons in the
optic chiasm (Petros et al., 2008). The primate retina has a strict line of decussation: axons of
RGCs on the nasal side of the line cross at the optic chiasm, and RGCs from the temporal side
innervate ipsilateral targets (Chalupa and Lia, 1991; Cooper and Pettigrew, 1979). By contrast, cat
and mouse retinas lack a clear line of decussation, and only a subset of RGCs in the temporal retina
have ipsilateral projections (i.e., ipsi-RGCs) (Dräger and Olsen, 1980; Rompani et al., 2017; Rowe
and Dreher, 1982; Stone and Fukuda, 1974). Which RGC types have ipsilateral projections and
support binocular vision in mice is unclear.
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More than 40 different RGC types send signals from the retina to the brain (Baden et al.,
2016; Bae et al., 2018; Rheaume et al., 2018; Tran et al., 2019). This diversity of RGCs is thought
to be an adaptation to the diverse behavioral demands on vision (Baden et al., 2020; Turner et al.,
2019). The contributions of RGCs to behavior depend on their light responses (i.e., what information they encode) and projections patterns (i.e., where they send this information). To date, few
links between the light responses and projection patterns of specific RGC types and particular
visual behaviors have been established (Dhande et al., 2015).
Here, we analyze the viewing strategies and hunting behavior of mice in 3D. We combine
genetic and projection-specific labeling with large-scale functional recordings and morphological
reconstructions to catalog the ipsi-RGC types, which support binocular vision. We analyze the
ipsi-RGCs' responses to prey-mimetic stimuli and test their contributions to predation by regionand type-specific cell deletion. Our results reveal that viewing strategies align with region- and
cell-type-specific RGC projection patterns and light responses to mediate binocular vision and
guide predation.

3.2 Results
3D tracking of predator-prey interactions
A recent study combined head-mounted sensors and 2D movies shot from above to monitor
eye-head coupling and predator-prey interactions of mice hunting crickets (Michaiel et al., 2020).
Overhead observations revealed that mice keep crickets within their binocular fields in azimuth
(i.e., the lateral angle between the mouse's head and the cricket) (Hoy et al., 2016; Michaiel et al.,
2020). However, the visual field elevation of crickets (i.e., the vertical angle between the mouse's
head and the cricket) could not be measured from this perspective. Thus, it is unclear whether, at
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close distances, crickets are obstructed from view by the mouse's head, and the final stages of the
attack are independent of vision. Similarly, because predator-prey interactions are only partly visible from above, how mice capture crickets remains unknown. To address these questions, we
simultaneously recorded mice hunting crickets on five cameras (one above the arena and four on
its sides) and tracked predator-prey interactions in 3D (Figure 3.1A, see STAR Methods).
We distinguished three phases of the mouse's hunting behavior: exploration, approach, and
contact (Figure 3.1B, see STAR Methods). First, we defined as 'exploration' periods when mice
were neither approaching nor in contact with crickets. Second, we defined as 'approaches' periods
when mice were running toward the crickets at speeds > 10 cm/s, decreasing the distance to the
crickets by > 7 cm/s, similar to previous definitions (Hoy et al., 2016, 2019). Third, we defined as
'contact' periods when mice were within 4 cm of the crickets. Side-view movies revealed that when
mice were within 4 cm of crickets, they started to bite and reach for them with their front paws
(i.e., grab, Figure 3.1C). Bites and grabs occurred in a stereotypic attack sequence (bite-and-grab),
in which mice rapidly swung their head up from the nose-down position to bite crickets and, with
a slight delay, lifted their front legs to grab crickets (Figure 3.1C). Once mice had secured crickets,
they swiftly decapitated them. When we mapped the crickets' positions within the head-centric
visual field of mice (Figures 3.1D and 3.1E), we found that their distributions were diffuse during
exploration but coalesced to a narrow region within the binocular visual field during approach and
contact. Mice pitched their heads nose-down to keep crickets visible during approach and contact
until a bite-and-grab attack. Thus, our 3D tracking of predator-prey interactions suggests that all
phases of the hunt are guided by vision, and that approach and capture may rely on binocular
vision.
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Figure 3.1. 3D tracking of predator-prey interactions.
(A) Schematic diagram of the arena for 3D tracking predator-prey interactions. (1-3) example
frames of hunting from each of the three of five synchronized cameras.
(B) Simultaneous measurements of mouse speed and head motion with distance to cricket and
position of cricket within the mouse visual field.
(C) Histograms of distance to cricket when mice grab (left) or bite (right) them include all bites
and grabs across 13 hunts.
(D) Bite-triggered-average traces (mean ± SEM) of the mice's head pitch (left) and visual field
elevation of crickets (right) 0.5 s before to 0.5 s after a bite. Mice keep cricket above the nose
until they initiate a bite.
(E) Heatmaps of cricket positions during each of the three hunting phases from 13 hunts.
(F) Schematic of the mouse visual field with monocular (gray) and binocular areas (orange)
color-coded.
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Monocular mice are poor hunters
To explore the importance of binocular vision for hunting, we removed one eye from adult
mice (postnatal day 30, P30). Compared to control littermates, monocular mice took much longer
to capture crickets (Figures 3.2A-3.2D, 3.3). Deficits affected all phases of the hunt. Monocular
mice were slower to detect prey and initiate their first approach (Figure 3.2E). Monocular mice
were also less likely to convert approaches into contacts (Figures 3.2F, 3.3) and contacts into captures (Figures 3.2G and 3.2H). Notably, monocular and control mice did not differ in their maximum running speeds, and the crickets used as prey for both groups were indistinguishable in size
(Figure 3.4). Overhead observations showed that cricket positions were more dispersed in azimuth
relative to the mice's heading during approach and contact of monocular compared to control mice
(Figure 3.2C, insets). These results are consistent with the notion that binocular vision guides prey
capture. However, because monocular enucleation reduces the overall size of the visual field and
generates a large scotoma, they do not prove that the combination rather than the presence of information from both eyes determines hunting success.
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Figure 3.2. Monocular mice are poor hunters.
(A) Representative overhead tracking of control (left) and monocularly enucleated mice (right)
hunting crickets.
(B) Same hunts as in (A) showing the distance to the cricket and mouse speed in the three
hunting phases.
(C) Exploration, approach, and contact over time for all test-day hunting trials of control (left)
and monocularly enucleated (right) mice. We recorded three trials for each mouse. Trials are
shown in order of their duration. Insets: circular histograms of the cricket azimuth during approaches across all control (left) and enucleated (right) mice.
(D) Time from the introduction of a cricket to its successful capture (control: 8.55 ± 1.95 s, n =
5, enucleated: 86.37 ± 30.38 s, n = 5, p = 0.008). For D-H, each point is the average of three
trials per mouse.
(E) Latency to detect prey and initiate first approach (control: 2.27 ± 0.92 s, enucleated: 10.38
± 3.61 s, p = 0.032).
(F) Probability that mice successfully convert approaches into contacts (control: 0.65 ± 0.11,
enucleated: 0.18 ± 0.01, p = 0.008).
(G) Probability that mice successfully convert contacts into captures (control: 0.59 ± 0.12, enucleated: 0.17 ± 0.05, p = 0.016).
(H) Total time within contact range of the cricket before successful capture (control: 3.63 ±
0.57 s, enucleated: 12.72 ± 3.93 s, p = 0.008).
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Figure 3.3. Monocular mice are poor hunters.
(A) Exploration, approach, and contact over time for all test-day hunting trials of control (left)
and monocular mice (right). We recorded three trials for each mouse. Trials are shown grouped
by mice ordered by their duration. Mice are ordered by the average duration of their hunting
trials.
(B) Distributions of distances at which approaches failed (i.e., ended without contact) in control
(left, n = 31 approaches) and monocularly enucleated mice (right, n = 167 approaches, p =
0.0053).
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Figure 3.4. Mouse running speeds and cricket sizes.
(A and B) Mouse running speeds and cricket lengths measured from overhead prey capture
videos were not significantly different between control and monocularly enucleated mice (A,
control: 25.40 ± 6.55 cm/s, monocular: 25.36 ± 8.25 cm/s, p = 0.46; B, control:1.67 ± 0.28 cm;
monocular: 1.63 ± 0.23 cm, p = 0.78).
(C and D) There were also no significant differences in the size of the crickets hunted between
control and Sert-DTR mice (D, control:1.61 ± 0.24 cm, Sert-DTR: 1.61 ± 0.28 cm, p = 0.95) or
the maximum speeds of the mice during hunting (C, control: 25.40 ± 7.35 cm/s, Sert-DTR:
27.27 ± 6.99 cm/s, p = 0.22). Error bars represent the standard deviation.
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Distribution of ipsi-RGCs
In mammals, binocular vision relies on the partial decussation of RGC axons in the optic
chiasm (Petros et al., 2008). In mice, most RGC axons cross at the chiasm, but a subset of RGCs
in the ventrotemporal retina innervate ipsilateral targets that combine information from both eyes
(Dräger and Olsen, 1980; Rompani et al., 2017). We mapped the distribution of ipsi-RGCs in mice
to analyze the cellular substrate of binocular vision. We first stained flat-mounted retinas for RNAbinding protein with multiple splicing (RBPMS), a marker of all RGCs (Tran et al., 2019). We
acquired confocal images covering the retina's expanse in the ganglion cell layer (GCL) and inner
nuclear layer (INL). We segmented RGCs using a deep learning-based algorithm and generated
retinotopic and visuotopic maps of their distributions (Figure 3.5A) (Stringer et al., 2020). Thus,
we found that the mouse retina contains nearly 50,000 RGCs, a small subset of which (~1.4%) is
displaced in the INL. The displaced RGCs are distributed unevenly with an area of increased density in the ventrotemporal retina, which covers the contralateral visual field.
To map the distribution of ipsi-RGCs, we first injected a fluorescent retrograde tracer into
one dorsolateral geniculate nucleus (dLGN) or superior colliculus (SC) and charted RGCs labeled
in the ipsilateral retina (Figure 3.5B). Retrogradely labeled ipsi-RGCs localized to the GCL and
INL of the ventrotemporal retina. Displaced RGCs accounted for ~16% of the ipsi-RGCs. We next
crossed Sert-Cre mice, which target ipsi-RGCs, to a red fluorescent reporter strain (Sert-tdTomato
mice, Figure 3.5C) (Gong et al., 2007; Koch et al., 2011; Madisen et al., 2010). Like retrograde
tracing, this genetic approach labeled RGCs in the GCL and INL of the ventrotemporal retina.
Furthermore, the total number of RGCs labeled in Sert-tdTomato retinas was close to that obtained
from retrograde tracing, as was the fraction of displaced RGCs (~18%). In retinas of Sert-tdTomato
mice injected with a green fluorescent tracer into the ipsilateral dLGN, nearly all (~89%) red RGCs
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were also green. Thus, ipsi-RGCs make up a small fraction of all RGCs in the mouse retina
(~1.8%). They are restricted to the ventrotemporal retina, are more likely displaced in the INL than
contralaterally projecting RGCs, and can be targeted selectively and comprehensively in Sert-Cre
mice.

Figure 3.5. Distribution of ipsilaterally projecting retinal ganglion cells.
(A) Distribution of all RBPMS-stained GCL RGCs in a flat-mounted retina (A1) and projection
of GCL RGCs onto visual space (A2). The teal outline indicates the edge of the right eye's visual
field. Distribution of all RBPMS-stained displaced RGCs in a flat-mounted retina (A3) and
projection of displaced RGCs onto visual space (A4). Cell counts of GCL (49,442) and displaced (732) RGCs (A5). Displaced RGCs are ~1.4% of the total RGC population.
(B) Distribution of all CTB-positive GCL RGCs following injection into the ipsilateral dLGN
in flat-mounted retina (B1) and projection of ipsilateral GCL RGCs onto visual space (B2). Distribution of all displaced ipsilateral RGCs in a flat-mounted retina (B3) and projection of displaced ipsilateral RGCs onto visual space (B4). Cell counts of GCL (756) and displaced (150)
ipsilateral RGCs (B5). Displaced ipsilateral RGCs are ~16% of the total ipsilateral RGC population.
(C) Distribution of Sert-tdTomato GCL RGCs in flat-mount retina (C1) and projection of SerttdTomato GCL RGCs onto visual space (C2). Distribution of all displaced Sert-tdTomato RGCs
in a flat-mounted retina (C3) and projection of displaced Sert-tdTomato RGCs onto visual space
(C4). Cell counts of GCL (655) and displaced (145) Sert-tdTomato RGCs (C5). Displaced SerttdTomato RGCs are ~18% of the total ipsilateral RGC population. D, N, V, and T denote dorsal,
nasal, ventral, and temporal, respectively, in retinotopic and visuotopic space.
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Few RGC types support binocular vision
The fraction of ipsi-RGCs (~1.8%) is much smaller than the fraction of the retina they
occupy (~22%) (Dräger and Olsen, 1980), indicating that ipsi-RGCs are either a small subset of
RGC types in the ventrotemporal retina or a subset of RGCs of many types. Despite recent progress
in analyzing RGC projection patterns (Martersteck et al., 2017; Rompani et al., 2017), the complement of ipsi-RGC types remains poorly characterized.
Morphology, gene expression patterns, and light responses define RGC types. Large-scale
surveys in each category have identified more than 40 RGC types in mice (Baden et al., 2016; Bae
et al., 2018; Rheaume et al., 2018; Tran et al., 2019). However, how classifications align across
categories remains uncertain as multimodal datasets are scarce (Bae et al., 2018) (rgctypes.org).
Therefore, we combined large-scale functional and morphological analyses to classify and comprehensively catalog the ipsi-RGCs of mice.
We fluorescently labeled ipsi-RGCs by transgenics (Sert-tdTomato, n = 28 retinas) or retrograde tracing from the dLGN (n = 13 retinas) or SC (n = 5 retinas). All three approaches labeled
the same RGC types, and we, therefore, combined their data. We targeted fluorescent ipsi-RGCs
for whole-cell patch-clamp recordings under two-photon guidance. We measured their responses
to three sets of stimuli: varying size spots, square-wave gratings drifting in different directions,
and full-field chirp (Figure 3.6A). These stimuli allowed us to distinguish key response properties
and compare our data to previous functional surveys (Baden et al., 2016; Bae et al., 2018) (rgctypes.org). Simultaneously, we filled RGCs with fluorescent dyes (spectrally separate from the
transgenic and retrograde labels) included in the intracellular solution and reconstructed their morphology from two-photon image stacks acquired at the end of each recording. In total, we recorded
and reconstructed 232 ipsi-RGCs from 46 retinas. We developed a serial classification approach
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that reliably divided ipsi-RGCs into nine types (Figure 3.8). The functional and morphological
features of ipsi-RGCs were highly consistent within these types and conspicuously different between them (Figures 3.6 and 3.7). The nine ipsi-RGC types fall into three groups. First, ipsi-RGCs
include four conventional contrast-coding RGC types (Figures 3.6A-3.6D) that differ in their preference for light increments (sONα and PixON) and decrements (sOFFα and tOFF), response transience (tOFF > sOFFα), and surround suppression (PixON > sONα and tOFF > sOFFα) (Johnson
et al., 2018; Murphy and Rieke, 2006; Pang et al., 2003; Schwartz et al., 2012). Notably, tOFFαRGCs are absent from this group (Huberman et al., 2008). Second, ipsi-RGCs encompass the melanopsin-expressing RGC types: M1-, M2-, M3-, M4- (i.e., sONα), M5- (i.e., PixON), and M6RGCs (Figures 3.6A and 3.6E-2.6H) (Ecker et al., 2010; Johnson et al., 2018; Levine and
Schwartz, 2020; Quattrochi et al., 2018; Schmidt et al., 2011; Stabio et al., 2017). M-RGCs signal
luminance (particularly M1-, M2, M3, and M4-RGCs) and, to some extent, contrast (particularly
M4-, M5-, M6-RGCs) (Do, 2019). Third, transient Suppressed-by-Contrast (tSbC-) RGCs, which
have high baseline firing rates transiently suppressed by local or global light increments and decrements, are abundant among ipsi-RGCs (Figure 3.6I) (Tien et al., 2015).
Our analysis of ipsi-RGC distributions revealed that a significant portion (16-18%) is displaced in the INL. Due in part to their less accessible location, displaced RGCs have not been
characterized. We recorded and reconstructed 14 displaced ipsi-RGCs. These overwhelmingly represented tOFF-RGCs (9/14), fewer sOFFα-RGCs (3/14), and rarely M1- (1/14) and tSbC-RGCs
(1/14) (Figures 3.9 and 3.7). In contrast to this narrow set of displaced ipsi-RGC types, we observed diverse responses among displaced contralaterally projecting RGCs (Figure 3.9).
Thus, a small subset of RGC types (9/40+) have ipsilateral projections and support binocular vision
in mice. The ipsi-RGCs include conventional contrast-encoding types, melanopsin-expressing
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luminance-encoding types, and a transient Suppressed-by-Contrast type. Large groups of RGCs
(e.g., direction-selective RGCs (Wei, 2018), orientation-selective RGCs (Nath and Schwartz,
2016, 2017), and small motion-sensitive RGCs (Jacoby and Schwartz, 2017; Zhang et al., 2012))
are absent from the ipsi-RGC set. Displaced ipsi-RGCs are a subset of the ipsi-RGCs in the GCL,
enriched in two types whose dendrites stratify close to the INL.
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Figure 3.6. A catalog of ipsilaterally projecting RGCs.
(A-I) Representative traced cells of each ipsilateral cell type (X1). Stratification profiles for
each cell type (X2). Dashed red lines show approximate ChAT band locations. (n = 5 traced
cells for each type). (x3) Sholl analyses (X3, n = 5 traced cells for each type). Representative
spike responses of individual cells of each type to 300- and 1200-μm spot stimulus (X4). Average firing rates to spots of different size (X5, A: n = 25, B: n = 20, C: n = 13, D: n = 20, E: n =
14, F: n = 14, G: n = 13, H: n = 13, I: n = 20). Spike count responses to 2 s drifting gratings
moving in eight directions (X6, A: n = 16, B: n = 18, C: n = 8, D: n = 13, E: n = 12, F: n = 14,
G: n = 12, H: n = 13, I: n = 20). Responses to chirp stimuli (X7, A: n = 8, B: n = 3, C: n = 2, D:
n = 4, E: n = 3, F: n = 4, G: n = 2, H: n = 6, I: n = 4). Percent of total cells recorded that belonged
to each type by targeting retrogradely labeled cells (X8, A: n = 14, B: n = 12, C: n = 6, D: n =
6, E: n = 12, F: n = 10, G: n = 4, H: n = 11, I: n = 16, of 101 total cells), Sert-tdTomato cells
(A: n = 24, B: n = 16, C: n = 22, D: n = 21, E: n = 10, F: n = 10, G: n = 7, H: n = 9, I: n = 13,
of 131 total cells) and displaced RGCs from either retrogradely or tdTomato-labeled cells (A:
n = 0, B: n = 0, C: n = 3, D: n = 9, E: n = 1, F: n = 0, G: n = 0, H: n = 0, I: n = 1, of 15 total
cells. See also Figure 3.7 and 3.8). Cells that could not be classified as one of these types:
retrograde (n = 10), Sert-tdTomato (n = 9), displaced (n = 1).
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Figure 3.7. Morphology of ipsi-RGC types.
(A-I) Representative traced cells of each ipsi-RGC type (X1, n = 5 traced cells per type). Total
dendrite length for the traced cells of each cell type (X2, A: 2.49 ± 0.17 mm, B: 2.21 ± 0.11 mm,
C: 2.79 ± 0.20 mm, D: 2.64 ± 0.17 mm, E: 1.10 ± 0.11 mm, F: 2.22 ± 0.17 mm, G: 1.94 ±
0.21 mm, H: 3.20 ± 0.35 mm, I: 2.92 ± 0.18 mm, n = 5 traced cells per type). Dendritic field
diameters (X3, A: 209.33 ± 7.26 μm, n = 31, B: 213.19 ± 5.27 μm, n = 30, C: 175.15 ± 6.34 μm,
n = 20, D: 194.51 ± 6.43 μm, n = 21, E: 267.99 ± 7.07 μm, n = 21, F: 304.13 ± 6.54 μm, n =
21, G: 270.44 ± 8.15 μm, n = 13, H: 213.41 ± 8.06 μm, n = 13, I: 157.65 ± 5.88 μm, n = 25).
Soma diameters (X4, A: 23.53 ± 0.96 μm; B: 15.09 ± 0.38 μm; C: 23.17 ± 0.95 μm; D: 15.70 ±
0.63 μm; E: 13.26 ± 0.65 μm; F: 20.84 ± 1.11 μm; G: 14.85 ± 1.33 μm; H: 18.11 ± 1.41 μm; I:
14.72 ± 0.60 μm, n’s same as in X3).
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Figure 3.8. Classification of ipsi-RGCs based on morphological and functional features.
Flow chart summarizing the classification steps and morphological and functional criteria
(baseline firing, varying size spot responses, and drifting grating responses) that divide the ipsiRGCs into nine types.
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Figure 3.9. Light responses of displaced RGCs.
(A) Representative responses of ipsilateral displaced RGCs to spot stimuli (100, 300, 1200 μm).
Of the 14 displaced ipsilateral RGCs with sufficient light responses and morphology to classify
nine were tOFF-RGCs, three were sOFFα-RGCs, one was an M1-RGC, and one was a tSbCRGC. In addition, one ON-stratifying RGC with poor light responses and morphological reconstruction was recorded. (right).
(B) Responses of all 12 recorded displaced contralateral RGCs. Contralateral displaced RGCs
showed diverse response types (ON-sustained, ON-transient, ON-delayed, OFF-sustained,
OFF-transient, ON-OFF, and SbC), including many found in neither the displaced ipsi-RGCs
nor the ipsi-RGCs in the GCL. All recorded INL cells spiked and had axons that ran through
the INL to the GCL and towards the optic nerve, suggesting all recorded cells were displaced
RGCs.
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Ipsi-RGCs guide predation
Binocular vision in mammals depends on ipsi-RGCs. To test the importance of binocular
vision for predation, we selectively removed ipsi-RGCs from adult mice and examined the impact
on cricket hunting. We removed ipsi-RGCs by injecting diphtheria toxin (DT) into both eyes of
P30 Sert-DTR mice. Compared to controls (i.e., Cre-negative littermates injected with DT), ipsiRGC numbers were reduced by 82% in Sert-DTR mice (Figures 3.10A and 3.10B). In contrast, the
density of contralaterally projecting RGCs, labeled by the same retrograde tracer injections, was
unchanged (Figures 3.10A and 3.10C). In addition, the density of serotonergic neurons in the brain,
which express DTR in Sert-DTR mice, was unaffected by intraocular DT injections (Figure 3.11).
Thus, intraocular DT injections in Sert-DTR mice selectively and nearly completely removed ipsiRGCs from adult mice. Importantly, this manipulation eliminates binocular vision without creating
a scotoma as the binocular visual field is still covered by contralaterally projecting RGCs.
The selective removal of ipsi-RGCs (<2% of all RGCs) caused severe deficits in predation
(Figures 3.10D-3.10F, 3.12). Mice took, on average, nearly twice as long to capture crickets (Figure 3.10G). This difference was not due to delays in prey detection and approach initiation (Figure
3.10H). Instead, Sert-DTR mice failed to convert approaches into contacts (Figure 3.10I) and contacts into captures (Figure 3.10J) more frequently than littermate controls. The failure to convert
contacts into captures increased overall contact times (Figure 3.10K). Approaches failed, i.e.,
crickets escaped, at further distances for Sert-DTR than control mice (Figure 3.12C). Interestingly,
Sert-DTR mice did not alter their viewing strategies during approach and contact (Figures 3.10F
and 3.12B) and executed their final attack sequence (i.e., bite-and-grab) at similar distances as
littermate controls (Figures 3.12D and 3.12E). However, they attacked less frequently within contact range (Figures 3.12D and 3.12E). Sert-DTR and control mice did not differ in their running
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speeds (Figure 3.4) or hunting success in the dark (Figure 3.11), and the crickets used as prey for
both groups were indistinguishable in size (Figure 3.4).
We found that the pupillary light response and optokinetic nystagmus did not differ significantly between Sert-DTR and control mice (Figures 3.10L-3.10O), highlighting the specific importance of ipsi-RGCs to predation and the selectivity of our approach.
Sert-DTR mice tended to catch crickets faster than monocular mice (Sert-DTR: 37.3 ± 6.9 s,
monocular: 86.4 ± 30.4 s). Although this trend did not reach statistical significance (p = 0.3), it
likely reflects the scotoma generated by enucleation. Consistent with this interpretation, monocular
(Figure 3.2E) but not Sert-DTR mice (Figure 3.10H) exhibited deficits in prey detection. The normalcy of prey detection in Sert-DTR mice suggests that it is either mediated by members of the
ipsi-RGC types outside the ventrotemporal retina or by other RGC types.
To rule out the possibility that predation is sensitive to any RGC loss, we injected TNF-α
(1 ng) or saline into both eyes of wild-type mice (Figure 3.13). TNF-α kills RGCs through microglial activation and an excitotoxic mechanism (Nakazawa et al., 2006; Vargas et al., 2015). Six
weeks after injections, TNF-α-injected mice had ~15% fewer RGCs than saline-injected mice (Figures 3.13A and 3.13B). This comparatively large RGC loss did not affect the mice's prey capture
performance (Figures 3.13C-3.13F). TNF-α-injected mice took as long to detect and approach
crickets as saline-injected mice (Figure 3.13G). They were equally successful in converting approaches into contacts (Figure 3.13H) and contacts into captures (Figures 3.13I and 3.13J).
Thus, the small type- and region-specific ipsi-RGC set, which mediates binocular vision in
mice, specifically guides prey pursuit and capture and determines hunting success.
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Figure 3.10. Ipsilaterally projecting RGCs are required for efficient prey capture.
(A) Representative images of control (left) and Sert-DTR (right) ipsilateral (top) and contralateral (bottom) retinas with RGCs retrogradely labeled by CTB injections into the right dLGNs.
(B) Number of ipsi-RGCs retrogradely labeled by dLGN injections in control and Sert-DTR
mice (control: 533 ± 129, Sert-DTR: 98 ± 20, p = 0.029).(C) Peak density of contra-RGCs
retrogradely labeled by dLGN injection in the control and Sert-DTR mice shown in (B) (control:
1908 ± 80 RGCs/mm2, Sert-DTR: 1871 ± 109 RGCs/mm2, p = 0.90).
(D) Representative overhead tracking of mouse and cricket positions in control (top) and SertDTR mice (bottom).
(E) Same hunts as in (D), showing the distance to cricket and mouse speed with the three hunting phases.
(F) Exploration, approach, and contact over time for all test-day hunting trials of control (left)
and Sert-DTR mice (right). We recorded three trials for each mouse. Trials are shown in order
of their duration. Insets: circular histograms of the cricket azimuth during approaches across all
control (left) and monocularly enucleated (right) mice (p = 1).
(G) Time from the introduction of a cricket to its capture (control: 20.23 ± 4.15 s, Sert-DTR:
39.09 ± 6.89 s, p = 0.011). For G-K, each point is the average of three trials per mouse. (H)
Latency to detect prey and initiate first approach (control: 4.47 ± 1.05 s, Sert-DTR: 3.33 ±
0.31 s, p = 0.94). (I) Probability that mice successfully convert approaches into contacts (control: 0.52 ± 0.07, Sert-DTR: 0.30 ± 0.04, p = 0.035).
(J) Probability that mice successfully convert contacts into captures (control: 0.46 ± 0.06 s,
Sert-DTR: 0.25 ± 0.05 s, p = 0.033).
(K) Total time within contact range of the cricket before successful capture (control: 6.21 ±
0.81 s, Sert-DTR: 9.86 ± 0.97 s, p = 0.001).
(L and M) Representative pupil area traces and summary data for control (n = 4) or Sert-DTR
(n = 6) mice to varying illuminance steps. Representative traces (L) illustrate normalized and
averaged (± SEM) responses to 5 log10 R*. Summary data (M) plot normalized and averaged
(± SEM) pupil area at the point of maximal pupil constriction for each illuminance step and
were fitted with a Hill curve for each mouse to derive an EC50 value (inset, p = 0.73). Dashed
lines indicate baseline, dark-adapted pupil area, and maximal pupil constriction.
(N and O) Representative eye movement traces and summary data for eye-tracking movements
(ETMs) in Control (n = 5) or Sert-DTR (n = 5, p = 0.35) mice. Representative traces (N) illustrate responses to 0.1 cycles/°. Summary data (O) for each spatial frequency are presented as
mean ± SEM.
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Figure 3.11. Intraocular DT injections do not ablate serotonergic neurons in the brains of
Sert-DTR mice.
(A and B) Representative images of coronal vibratome slices through the dorsal raphe nucleus
of the brains of Sert-DTR mice injected intraocularly with DT (B) or not (A).
(C) We tested the ability of a subset of DT-injected control and Sert-DTR mice to hunt crickets
in the dark. Following prey capture tests in the light on the fifth day (see STAR Methods), food
deprivation was extended and hunting success in the dark tested on the sixth day. Whereas the
removal of ispi-RGCs significantly increased capture times in the light (control: 15.66 ± 5.56 s,
n = 8, Sert-DTR: 32.69 ± 6.29 s, n = 8, p = 0.020), it had no effects on the cricket capture times
of the same mice in the dark (control: 236.25 ± 24.96 s, n = 8, Sert-DTR: 228.38 ± 28.34 s, n =
8, p = 1). This indicates that the poor prey capture performance of DT-injected Sert-DTR mice
is due to their visual deficits. The long cricket capture times of both groups of mice in the dark
suggest that, in our experimental conditions (including padded flooring in the arena and limited
noise isolation of the behavior room) (Hoy et al., 2016), other senses are unable to guide efficient prey capture.
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Figure 3.12. Ipsilaterally projecting RGCs are required for efficient prey capture.
(A) Exploration, approach, and contact over time for all test-day hunting trials for DT-injected
control (left) and Sert-DTR mice (right). We recorded three trials for each mouse. Trials are
shown grouped by mice ordered by their duration. Mice are ordered by the average duration of
their hunting trials.
(B) Heatmaps of the cricket positions during the approach and contact phases of hunting of DTinjected control (left, n = 4 hunts) and Sert-DTR mice (right, n = 4 hunts).
(C) Distribution of distances at which approaches failed (i.e., ended without contact) in DTinjected control (left, n = 107 approaches) and Sert-DTR mice (right, n = 205 approaches, p =
0.0065).
(D) Distance distributions of bites in DT-injected control (left, n = 53 bites in 67 contacts) and
Sert-DTR mice (right, n = 77 bites in 121 contacts, p = 0.25). Inset pie charts show the frequency
of bites per contact in DT-injected control (left) and Sert-DTR mice (right, p = 0.028).
(E) Distance distributions of grabs in DT-injected control (left, n = 50 grabs in 67 contacts) and
Sert-DTR mice (right, 75 grabs in 121 contacts, p = 0.67). Inset pie charts show the frequency
of grabs per contact in DT-injected control (left) and Sert-DTR mice (right, p = 0.078).
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Figure 3.13. Removal of ~15% of RGCs by TNF-α does not affect prey capture performance.
(A) Representative images of control (saline-injected) (top) and TNF-α injected (bottom) retinas with RGCs labeled by RBPMS staining.
(B) Four images (one from each quadrant) per retina were counted using Cellpose (Stringer et
al., 2020). Each dot shows the average density across the four quadrants of one retina, which
was reduced by ~15% in TNF-α injected retinas (control: 4307.10 ± 80.45 RGCs/mm2, TNFα: 3644.71 ± 98.92 RGCs/mm2, p = 0.004).
(C) Representative tracks of mouse and cricket positions in control (top) and TNF-α-injected
mice (bottom).
(D) Same hunts as in (A) showing the distance to cricket and mouse speed in the three hunting
phases.
(E) Exploration, approach, and contact over time for all test-day hunting trials for control (left)
and TNF-α (right). Insets: circular histograms of the cricket azimuth during approaches across
all control (left) and enucleated (right) mice (p = 1).
(F) Time from the introduction of cricket to its capture (control: 38.94 ± 16.64 s, TNF-α: 32.03
± 5.53 s, p = 0.91). Mice in both groups were slower than controls in monocular enucleation
(Figure 2) and Sert-DTR (Figure 5) experiments. This may be due to the older age of mice in
the experiments presented in this figure due to the time required (approximately six weeks) for
TNF-α actions to unfold.
(G) Latency to detect prey and initiate first approach (control: 7.11 ± 2.60 s, TNF-α: 6.54 ±
1.37 s, p = 0.89).
(H) Probability that mice successfully convert approaches into contacts (control: 0.43 ± 0.11,
TNF-α: 0.40 ± 0.07, p = 0.84).
(I) Probability that mice successfully convert contacts into captures (control: 0.31 ± 0.14 s,
TNF-α: 0.27 ± 0.06 s; p = 0.96).
(J) Total time within contact range of the cricket before successful capture (control: 9.25 ±
1.75 s, TNF-α: 7.99 ± 0.99 s, p = 0.75).
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A subset of ipsi-RGCs detects prey-mimetic stimuli
To understand how ipsi-RGCs guide predation and which ipsi-RGC types likely contribute
to this behavior, we analyzed their responses to a prey-mimetic stimulus. We used our 3D tracking
of predator-prey interactions to estimate stimulus size and speed during predation, taking into account the crickets' and mice's movements relative to each other (Figures 3.14A and 3.14B).
Based on the estimated size and speed distributions, we designed a simple prey-mimetic
stimulus consisting of a dark bar (width: 5.7 °, height: 2.2 °) moving along its long axis at 19 °/s
against a bright background (Figure 3.14C). We targeted ipsi-RGCs for whole-cell patch-clamp
recordings as before, measured their responses to the prey-mimetic stimulus, varying size spots,
and gratings drifting in different directions (the latter two for classification), and reconstructed
their morphology. Receiver operating characteristics showed that the four contrast-coding RGC
types reliably detected the prey-mimetic stimulus. sONα- and PixON-RGC have high baseline firing
rates and responded by spike suppression (Figures 3.14D and 3.14E), whereas sOFFα- and tOFFRGCs increased their firing rates to the prey-mimetic stimulus (Figures 3.14F and 3.14G). Importantly, M1-, M2-, M3-, and M6-RGCs did not respond consistently to the prey-mimetic stimulus (Figures 3.14H-3.14K). Finally, tSbC-RGCs, like sONα- and PixON-RGCs, reliably signaled
the prey-mimetic stimulus through spike suppression (Figure 3.14L). Although natural prey present more complex stimuli than our simple approximation, the failure of M1-, M2, M3, and M6RGCs to detect this simple stimulus suggests that all or a subset of the five remaining ipsi-RGC
types (sONα-, PixON-, sOFFα-, tOFF-, and SbC-RGCs) guide mice in their pursuit and capture of
prey.
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Figure 3.14. A subset of ipsilaterally projecting RGCs reliably signal prey
(A) Cricket size in ° of visual angle during all
approach frames from nine hunts.
(B) Cricket speed in ° of visual angle per second during all approach frames from nine
hunts.
(C) Schematic of visual stimulus used to
mimic a cricket of size 5.7 x 2.3 ° (195 x
75 μm) moving at 19 °/s (650 μm/s) through
the receptive field centered on the RGC soma
aligned with the traces in D-L.
(D-L) Representative morphologies of each
cell type (X1). Average responses of a representative cell of each type to 24 stimulus repeats (X2, three repeats x eight directions; no
cells were direction selective). ROC curves
for each ipsi-RGC type illustrating ability to
detect cricket stimulus (X3, area under curve
D: 0.95 ± 0.024, n = 3, E: 0.91 ± 0.053, n = 4,
F: 1.0 ± 0, n = 3, G: 1.0 ± 0, n = 5, H: 0.59 ±
0.017, n = 3, I: 0.72 ± 0.080, n = 2, J: 0.61 ±
0.001, n = 3, K: 0.65, n = 1, L: 0.99 ± 0.015, n
= 2).
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3.3 Discussion
Here, we analyze the predator-prey interactions of mice and crickets in 3D, test the role of
binocular vision in predation, and catalog the RGC types that mediate binocular vision and predation in mice. We reach six main conclusions. First, mice move their heads to keep targets within
their binocular visual fields as they approach and contact prey. Second, mice engage a stereotyped
attack sequence (bite-and-grab) to capture crickets. Third, a small number of RGC types (9/40+,
sONα-, PixON-, sOFFα-, tOFF-, M1-, M2-, M3-, M6-, and tSbC-RGCs) in the ventrotemporal retina have ipsilateral projections and support binocular vision. Fourth, two ipsi-RGCs (tOFF- and
sOFFα-RGCs) are frequently displaced in the INL. Fifth, ipsi-RGCs are required for efficient prey
pursuit and capture. Sixth, a subset of ipsi-RGCs (5/9 types, sONα-, PixON-, sOFFα-, tOFF-, and
tSbC-RGCs) signal prey. Thus, viewing strategies align with a small region- and cell-type-specific
set of RGCs (<2% of RGCs) to mediate binocular vision and guide predation.
Recent studies revealed two types of eye-head coupling in freely moving mice, including
mice on the hunt (Meyer et al., 2020; Michaiel et al., 2020). First, eye movements compensate for
head tilt to stabilize the mice's gaze in the horizontal plane (Meyer et al., 2020; Michaiel et al.,
2020). Second, eye movements combine with head yaw rotation to generate gaze-shifting saccadeand-fixate sequences (Meyer et al., 2020; Michaiel et al., 2020). We tracked mice (including head
movements) and crickets in a shared 3D reference frame (Figure 3.1). Combined with the recent
insights into eye-head coupling, our data demonstrate that mice keep crickets in their binocular
visual field during predation and reveal that mice tilt their heads nose-down farther when hunting
(pitch: -50 °) than during normal walking (Oommen and Stahl, 2008; Vidal et al., 2004), so that,
even at close distances, prey remains visible above their nose.
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Our 3D observations provide new insights into the final stages of the attack. We find that
mice capture and subdue crickets by biting and grabbing them. In bites, mice quickly swing their
heads up from the nose-down position, and in grabs, mice lift their front legs simultaneously and
reach for the crickets. Bites and grabs are triggered when mice are within striking distance, < 4 cm
from the cricket. Mice can either bite or grab but most frequently deploy these actions in a stereotypic bite-and-grab sequence. Once mice held crickets in their front paws, they swiftly decapitated
them. Some mice, like the grasshopper mouse (Onychomys torridus), are specialized predators
(Langley, 1989; Mccarty and Southwick, 1977). Insects have been found in the stomachs of wild
house mice (Mus musculus) (Whitaker, 1966). It will be interesting to see if the attack sequence
we observed is innate or learned through trial and error and whether Mus musculus, like Onychomys torridus (Whitman et al., 1986), displays prey-specific attack behaviors.
Hunting success is one of evolution's main selection pressures (Sillar et al., 2016). It has
been hypothesized that binocular vision in mammals arose to support predation (Cartmill, 1974;
Pettigrew, 1986). Our finding that binocular vision in mice guides prey pursuit and capture and
determines hunting success is consistent with this hypothesis (Figures 3.2 and 3.10). Binocular
vision could benefit predation through stereopsis. In stereopsis, disparate object positions (i.e.,
Wheatstone stereopsis) or background occlusions (i.e., da Vinci stereopsis) in the two retinal images support depth perception (Nityananda and Read, 2017; Ponce and Born, 2008). Stereopsis
can help track prey against a matching background (i.e., camouflage breaking) and determine the
correct distance to release the final attack sequence (i.e., range finding) (Nityananda and Read,
2017; Ponce and Born, 2008). The two retinal images should be consistently aligned to supply
reliable depth information, which requires conjugated eye movements (Cumming and DeAngelis,
2001). In humans, small misalignments of retinal images disrupt depth perception and cause
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double vision (Duwaer and Van Den Brink, 1981; Lyle and Foley, 1955). The eye movements of
freely moving mice, including mice on the hunt, are often unconjugated, destabilizing retinal images' alignment and casting doubt on the use of stereopsis in mice (Meyer et al., 2020; Michaiel et
al., 2020). However, mice can distinguish stereoscopic surfaces (Samonds et al., 2019), binocular
inputs to their dLGN and SC are topographically aligned (Cang and Feldheim, 2013), and their
visual cortex contains numerous disparity-tuned neurons (La Chioma et al., 2019; Samonds et al.,
2019; Scholl et al., 2013). We speculate that the comparatively low resolution of mouse vision and
broad neuronal disparity tuning combine with interocular velocity differences in flow fields (Choi
and Priebe, 2020; Nityananda and Read, 2017) to support stereoscopic vision during hunting. Cuttlefish present an evolutionarily distant example of stereopsis without tightly conjugated eye
movements (Feord et al., 2020).
Besides stereopsis, binocular vision could improve prey pursuit and capture in dim light
and low contrast via the increased convergence of RGCs on binocular neurons in the brain (Ponce
and Born, 2008; Rompani et al., 2017). Consistent with this idea, combined input from both eyes
enhances responses to weak stimuli in binocular compared to monocular dLGN neurons (Howarth
et al., 2014), and mice show increased contrast sensitivity for stimuli presented in their binocular
vs. monocular visual fields (Speed et al., 2019). Thus, binocular vision may support predation
through stereopsis and improved contrast sensitivity. In addition to mammals (Figures 3.2 and
3.10), different forms of binocular vision contribute to the hunting success of evolutionarily distant
predators (Bianco et al., 2011; Feord et al., 2020; Gahtan et al., 2005; Gebhardt et al., 2019; Nityananda et al., 2016). This parallel evolution underscores the algorithmic implementation-independent advantages of binocular vision to predation (Marr, 1982).
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In mammals, binocular vision relies on the partial decussation of RGC axons in the optic
chiasm (Petros et al., 2008). All RGC types in mice have contralateral projections (Dräger and
Olsen, 1980; Martersteck et al., 2017). Which RGC types have ipsilateral projections and support
binocular vision was unclear. We performed large-scale patch-clamp recordings and single-cell
reconstructions (232 cells in 46 retinas) to catalog ipsi-RGCs in mice comprehensively (Figures
3.6-3.8). The combination of light responses and morphological characteristics allowed us to unambiguously identify nine ipsi-RGC types and match them to previous surveys (Bae et al., 2018)
(rgctypes.org). This success highlights the benefits of multimodal datasets for robust and reproducible neuron classification (Zeng and Sanes, 2017).
The nine ipsi-RGC types include conventional contrast-encoding types (sONα-, PixON-,
sOFFα-, and tOFF-RGCs), melanopsin-expressing types (M1-, M2-, M3-, M4- or sONα-, M5- or
PixON, and M6-RGCs), and a transient Suppressed-by-Contrast (tSbC-RGC) type. Notably, the set
of mouse ipsi-RGCs excludes feature detector types like the direction-selective RGCs (Wei, 2018),
orientation-selective RGCs (Nath and Schwartz, 2016, 2017), and object-motion-sensitive RGCs
(Jacoby and Schwartz, 2017; Zhang et al., 2012). This parallels observations in cats, in which most
contrast-encoding alpha (or Y) and beta (or X) RGCs in the temporal retina project ipsilaterally,
whereas half to two-thirds of the gamma (or W) RGCs in the temporal retina innervate contralateral
brain areas (Rowe and Dreher, 1982; Stein and Berson, 1995; Stone and Fukuda, 1974; Wässle
and Illing, 1980). Gamma cells encompass multiple types. Although assignments are tenuous, ipsilaterally projecting gamma cells appear to include M-RGCs and SbC-RGCs, whereas directionselective and object-motion-sensitive gamma cells in the temporal retina innervate contralateral
targets (Kirk et al., 1976; Rowe and Stone, 1977; Stein and Berson, 1995). Thus, a similar cast of
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ipsi-RGCs seems to support predation in cats and mice. This could reflect convergent evolution,
homologous RGC types that arose in a common ancestor, or a combination of both.
The ipsilaterally projecting M-RGCs that fail to detect simple prey-mimetic stimuli (i.e.,
M1-M3 and M6-RGCs) likely contribute to global illumination measurements to other behavioral
ends. We speculate that the lack of feature detectors among ipsi-RGCs is related to divergent optic
flow fields at visuotopically matched retinal locations in both eyes during translational movements
(Sabbah et al., 2017) and the often unconjugated (including rotational) eye movements of mice
(Meyer et al., 2018, 2020; Michaiel et al., 2020), which could introduce feature-confusion in downstream neurons receiving input from both eyes.
A retinal specialization with increased cell densities and reduced receptive field sizes (i.e.,
increased spatial resolution) in the area projecting forward to the binocular field (i.e., area centralis) is a near-universal feature of animals with functional binocular vision (Cartmill, 1974; Pettigrew, 1986). Although no area centralis is evident when looking at all RGCs (Figure 3.5) (Dräger
and Olsen, 1981; Jeon et al., 1998), Bleckert et al. (2014) found that the density of sONα- and
sOFFα-RGCs is increased and their dendritic field size reduced in the ventrotemporal mouse retina. Comparisons of our morphological data (Figure 3.7) to previously published results indicate
that dendritic field sizes of the other ipsi-RGC types do not differ between the ventrotemporal and
other parts of the retina (Bae et al., 2018; Johnson et al., 2018; Tien et al., 2015). Therefore, the
area-centralis-like specialization appears to be specific to sONα- and sOFFα-RGCs, which may
play a particularly prominent role in binocular vision and predation. Thus, evolution produced
ipsilateral projections of RGC types that can support predation in mice (i.e., the predator hypothesis) (Cartmill, 1974; Pettigrew, 1986), formed a cell-type-specific area centralis for a subset of
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them, and eliminated ipsilateral projections from RGC types that could cause feature confusion in
downstream neurons (i.e., the feature confusion hypothesis).

3.4 Materials and methods
Experimental model and subject details
Throughout this study, we used ET33 Sert-Cre (Sert-Cre from here on) mice (Gong et al., 2007)
to target ipsilaterally projecting RGCs (ipsi-RGCs). To label ipsi-RGCs, we crossed Sert-Cre mice
to a tdTomato reporter strain (Ai9 (Madisen et al., 2010), The Jackson Laboratory, stock #007909).
To remove ipsi-RGCs, we crossed Sert-Cre mice to a line expressing the diphtheria toxin receptor
(DTR) in a Cre-dependent manner (Buch et al., 2005). On postnatal day 30 (P30), we injected 1015 ng of diphtheria toxin (DT) into both eyes of Cre-positive (Sert-DTR mice) and Cre-negative
(control mice) littermates from these crosses. Prey capture experiments began two weeks after
injection. In monocular enucleation experiments, P30 Sert-Cre mice either had their right eye removed (monocular mice) or not (control mice). Prey capture experiments began two weeks after
the enucleation. DT-injected control mice tended to catch crickets slower than uninjected controls
(Figures 3.2D and 3.10G). This trend, which did not reach statistical significance (p = 0.07), might
reflect differences between litters or visual impairments from binocular injections. For TNF-α experiments, we injected saline or 1 ng of TNF-α intravitreally in P30 wild-type mice (C57BL/6J,
The Jackson Laboratory, stock #000664). Prey capture experiments began six weeks after injection. Crickets (Fluker's Farm) aged five to seven weeks (1.2-2.4 cm) were used as prey for all prey
capture experiments. All procedures in this study were approved by the Animal Studies Committee
of Washington University School of Medicine (Protocols #20170033 and #20-0055) and
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performed in compliance with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Prey capture training
Forty-eight hours before training began, mice were housed individually, and three crickets were
introduced to each cage with food pellets. 16-18 hr before training, food pellets were removed,
and three crickets were given to each mouse. On the first day of training, mice were introduced to
the behavioral arena (width: 45 cm, length: 38 cm, height: 30 cm, with padded flooring) and given
approximately three minutes to acclimate. A cricket was then placed in the center of the arena, and
the interactions of mice and crickets were recorded with an overhead camera (30 fps; C310,
Logitech). Mice were given up to 5 min to capture prey. Following successful capture or after
5 min, the arena was cleaned, and a new cricket was introduced. Each day, mice had the opportunity to capture three crickets. After three trials, mice were returned to their home cages and given
access to food pellets for 6-8 hr. The food pellets were then removed, and mice were given three
crickets in their home cages. This sequence was repeated for five days. The first four days were
considered training for experiments with manipulations, and the prey capture was tested on the
fifth day. All results reported are from the test day unless otherwise noted.

Prey capture recording and analysis
3D recording and analysis. We filmed mice and crickets' interactions in the arena with five synchronized cameras (30 fps; e3Vision camera; e3Vision hub; White Matter LLC). One camera was
mounted overhead, and four cameras were placed on the sides of the arena (Figure 3.1A). Before
tracking and analysis, all images were corrected for lens distortions (OpenCV, Python). The cricket
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and the mouse's nose and ears were tracked in videos from the overhead camera using DeepLabCut
(Mathis et al., 2018) and manually edited using custom software (OpenCV, Python). The midpoint
between the mouse's ears was defined as its head position and used to measure the distance to the
cricket and speed of the mouse. A vector from the head position to the nose defined the heading
of the mouse. The azimuth was calculated as the angle between this vector and vector from the
head position to the cricket. We tracked the cricket and several points on the mouse's face in videos
from the side-view cameras, including the nose and eyes, using DeepLabCut and manually edited
this tracking using custom software (OpenCV, Python). Infrared light was used to enhance image
contrast and improve tracking. The heading of the mouse within the arena was measured from the
overhead camera. The pitch of the head was approximated as the angle between the vector normal
to the plane through the mouse’s nose and eyes and the vertical axis. The cricket elevation was
approximated as the angle between this same vector perpendicular to the mouse’s eyes and the
vector from the eyes to the cricket. Bites and grabs were scored manually in videos from the sideview cameras. We verified on a subset of videos that three observers independently identified the
same bites and grabs. We found biting and grabbing began when mice were within 4 cm of the
cricket (Figure 3.1C). We defined this distance between the mouse and cricket (< 4 cm) as a contact. Contacts were usually preceded by the mice moving towards the cricket at speeds > 10 cm/s.
We defined an approach as a period when the mouse was running at speeds > 10 cm/s, and the
distance between mice and crickets decreased by > 7 cm/s. An approach ended when these criteria
were no longer met or when the mice contacted the cricket. We defined exploration as the time
that mice neither approached nor were in contact with crickets. Cricket position heatmaps were
made from all video frames in which the elevation and azimuth of the cricket were calculated. The
points were binned in 6-° increments, smoothed with a Gaussian window (standard deviation: 6 °),
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normalized by the total number of frames from that epoch, and the maximum density across the
three epochs.
2D recording and analysis. We calculated speed, azimuth, approach, and contact, as described
above. Capture times reported are the average time to capture each of the three crickets on the test
day. We calculated latency as the time from the introduction of the cricket to the first approach.
The probability of contact given approach was calculated as the number of times contact occurred
within 250 ms of an approach ending/the total number of approaches. The probability of capture
given contact was calculated as 1/number of contacts. The time in contact was the total amount of
time in contact range across all contacts before successful capture. All reported values are the
average for three crickets on the test day.

Pupillary light response and optokinetic nystagmus recording and analysis
For pupillometry and optokinetic experiments, mice were headplated one week before behavioral
testing. Mice were dark adapted for at least one hour and restrained in a custom head-fixed holder
before exposure to visual stimuli. Pupil size and eye movements were tracked and recorded from
the left eye using an ETL-200 eye-tracking system (ISCAN) under infrared illumination.
To assess the optokinetic reflex, square-wave gratings of varying spatial frequencies (0.05, 0.067,
0.1, 0.13, 0.2 cycles/°) and Michelson contrasts (5%, 7.5%, 10%, 15%, 25%, 100%) moving at 10
°/s in the temporal-to-nasal direction were presented on a monitor 16 cm from the mouse's left eye
at a 45 ° angle. Each presentation of the stimulus comprised 10 s of a uniform gray screen, 60 s of
drifting gratings, and a final 10 s of a uniform gray screen. Eye-tracking movements were quantified as the number of saccades preceded by a slow tracking motion.
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To assess the consensual pupillary light reflex, varying illuminance steps (0.0- 5.0 log10 R* in
0.5 log10 R* increments) were presented to the mouse's right eye using an Arduino-controlled
465 nm LED and a set of ND filters (Thorlabs). Each presentation of the stimulus comprised 5 s
of background darkness, 30 s of illumination, and 30 s of post-illumination recovery to baseline,
with a 2-min minimum of darkness between presentations. Pupil constriction was normalized to
the dark-adapted pupil area, and the relative pupil area for each illuminance was calculated as the
5 s average around the maximum pupil constriction. To derive EC50 values, a Hill equation was
fit to the data for each animal.

Tissue preparation
Mice were deeply anesthetized with CO2, killed by cervical dislocation, and enucleated. For patchclamp recordings, mice were dark-adapted overnight before their retinas were isolated under infrared illumination (> 900 nm) in oxygenated mACSFNaHCO3 containing (in mM) 125 NaCl, 2.5
KCl, 1 MgCl2, 1.25 NaH2PO4, 2 CaCl2, 20 glucose, 26 NaHCO3, and 0.5 L-glutamine equilibrated
with 95% O2 5% CO2. For confocal imaging, retinas were isolated in oxygenated mouse artificial
cerebrospinal fluid (mACSFHEPES) containing (in mM): 119 NaCl, 2.5 KCl, 1 NaH2PO4, 2.5 CaCl2,
1.3 MgCl2, 20 HEPES, and 11 glucose (pH adjusted to 7.37 using NaOH), mounted flat on filter
paper and fixed for 30 min in 4% paraformaldehyde in mACSFHEPES. Brains were removed and
placed in 4% paraformaldehyde overnight. The following day, brains were sectioned in 100-μm
thick coronal slices, stained, and mounted for confocal imaging.
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Immunohistochemistry
Flat-mount preparations were cryoprotected (1 hr 10% sucrose in PBS at room temperature [RT],
1 hr 20% sucrose in PBS at RT, and overnight 30% sucrose in PBS at 4 °C), frozen and thawed
three times, and blocked with 10% normal donkey serum in PBS for 2 hr before incubation with
primary antibodies for five days at 4 °C. Flat mounts were washed in PBS (3 × 1 hr) at RT, incubated with secondary antibodies for one day at 4 °C, and washed in PBS (3 × 1 hr) at RT. Brain
slices were blocked with 10% normal donkey serum in PBS for 2 hr before incubation with primary antibodies for 3 hr at RT, washed in PBS (3 × 20 min) at RT, incubated with secondary
antibodies for 2 hr at RT, and washed in PBS (3 × 20 min) at RT. The following primary antibodies
were used in this study: mouse anti-RFP (1:1,000, Abcam), guinea pig anti-RBPMS (1:1000, PhosphoSolutions), rabbit anti-Serotonin (1:200, S5545, Sigma–Aldrich). Secondary antibodies were
Alexa 488 and Alexa 568 conjugates (1:1,000, Invitrogen).

Electrophysiology
Whole-cell patch-clamp recordings were obtained from dark-adapted retinas, flat-mounted on
transparent membrane discs (13 mm Whatman Anodisc) superfused (∼7 mL/min) with warm (30
– 33 °C) mACSFNaHCO3. Fluorescent RGCs were targeted under two-photon guidance (excitation
wavelength: 940 nm) in either Sert-Cre Ai9 retinas or RGCs retrogradely labeled with cholera
toxin B conjugated to Alexa 488 or Alexa 568 (CTB 488, CTB 568) or fluorescent retrobeads. The
intracellular solution for current-clamp recordings contained (in mM) 125 K-gluconate, 10 NaCl,
1 MgCl2, 10 EGTA, 5 HEPES, 5 ATP-Na2, and 0.1 GTP-Na (pH adjusted to 7.2 with KOH). Patch
pipettes had resistances of 3–6 MΩ (borosilicate glass). Signals were amplified with a Multiclamp
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700B amplifier (Molecular Devices), filtered at 3 kHz (8-pole Bessel low-pass), and sampled at
10 kHz (Digidata 1550, Molecular Devices).

Retrograde labeling
Mice were anesthetized with a cocktail (0.1ml/20g body weight) of ketamine HCl (87 mg/kg) and
xylazine (13mg/kg), and CTB 488 or CTB 568 (1 g/L; 300 nL, Thermo Fisher Scientific) were
injected into either the right dLGN or SC using a NanojectII (Drummond). SC injections were
targeted to 1 mm from the midline, 3.79-3.87 mm caudal from Bregma, and 1.32 mm below the
surface of the brain. dLGN injections were targeted to 2-2.18 mm from the midline, 2.15-2.79 mm
caudal from Bregma, and 2.75-2.88 mm below the surface of the brain. After completion of the
injection, the wound was closed with stainless steel wound clips, and antiseptic ointment
(Vetropolycin) applied to the suture. Approximately 72 hr after injection, retinas were prepared
for physiological recordings as described above. SC- and dLGN-injections labeled the same ipsiRGC types, and we, therefore, combined their results.

Visual stimulation
All visual stimuli were written using the Cogent Graphics toolbox (John Romaya, Laboratory of
Neurobiology at the Wellcome Department of Imaging Neuroscience, University College London)
in MATLAB (The MathWorks). A UV E4500 MKII PLUS II projector illuminated by a 385-nm
light-emitting diode (LED, EKB Technologies) was used for stimulus presentation. Stimuli were
focused onto the photoreceptors via a substage condenser of an upright two-photon microscope
(Scientifica). All stimuli were centered on the soma of the recorded cell. Background luminance
of 3,000 rhodopsin isomerizations/rod/s (R*) was used for all visual stimuli unless otherwise
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noted. Spots of varying diameters (0, 100, 200, 300, 600, 1200 μm) were presented in a pseudorandom sequence and square-wave modulated at 0.25 Hz (Michelson contrast: 100%). To test for
direction/orientation-selectivity, full-field square-wave drifting gratings (Bar width: 225 μm;
Speed: 900 μm/s; Michelson contrast: 100%) were presented in eight directions. A full-field chirp
stimulus of gradually increasing temporal frequency and contrast was presented to a subset of cells
(Figure 3.6) (Baden et al., 2016). To mimic a cricket in a mouse's visual field, we moved a 195 x
75 μm dark bar (5.7 x 2.3 °; Michelson contrast: 100%) through an RGC's receptive field in eight
orientations at 650 μm/s (19 °/s). We classified RGCs based on their responses to varying size
spots, drifting gratings, and morphological parameters (Figure 3.7) and matched types to other
multimodal RGC classifications (rgctypes.org and museum.eyewire.org) (Bae et al., 2018).

Morphological analysis
We made maximum intensity projections of Alexa 488-filled cells were made in Fiji (Schindelin
et al., 2012) to measure dendritic field and soma diameters. Using custom software written in
MATLAB, a polygon was drawn around the edges of a cell's dendrites or soma, and the dendritic
field or soma diameter was calculated as the longest distance across the polygon. Neurite length
was calculated by tracing z stack images of Alexa 488 filled cells using Neurolucida (MBF Bioscience). Dendritic branching patterns were analyzed using the Sholl Analysis function in Neurolucida. To calculate the inner plexiform layer (IPL) depth, IPL borders were detected from transmitted light images. Traced neurites were registered by their relative position within the inner
plexiform layer (0%–100% from its border with the INL to its border with the GCL). Dendrite
length at each depth was measured using the 3D-wedge analysis function in Neurolucida.
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Confocal imaging
Image stacks of whole fixed retinas were acquired through a 20 × 0.85 NA objective (Olympus)
on an inverted laser scanning confocal microscope (LSM 800, Zeiss). Image stacks of fixed brains
were acquired through a 10X 0.25 NA objective (Olympus) on an upright laser scanning confocal
microscope (FV1000, Olympus). All images were processed with Fiji (Schindelin et al., 2012).

Electrophysiology analysis
Total spike counts or average spike rates during 100-200 ms time windows were measured. To
construct receiver operator characteristic (ROC) curves, we compared firing rates during pre-stimulus (𝑟#$% ) and stimulus (𝑟&'() ) time windows to 12 threshold values (𝑧) spanning the range of 𝑟#$%
values and plotted the hit rate (𝛽) as a function of the false alarm rate (𝛼), with 𝛼 and 𝛽 and defined
by the following probabilities 𝛼(𝑧) = 𝑃,𝑟#$% ≥ 𝑧. and 𝛽(𝑧) = 𝑃(𝑟&'() ≥ 𝑧). For RGC types with
suppressive responses'≥' was replaced by'≤'. The performance of each cell was then quantified by
the area under its ROC curve (0.5 for chance performance to a maximal value of 1). All analyses
were performed using custom scripts written in MATLAB.

Cell counting and visual space mapping
TdTomato- and RBPMS-positive RGCs in the GCL were counted in images of whole retinas using
Cellpose (Stringer et al., 2020), a deep learning-based algorithm for cell segmentation. CTB-labeled cells and displaced RGCs were counted manually using custom software (OpenCV, Python).
Retinas were outlined manually, and cell locations were mapped to retinotopic and visuotopic
space using the R package Retistruct (http://davidcsterratt.github.io/retistruct/) (Sterratt et al.,
2013).
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Statistics
Mann-Whitney U tests, Kolmogorov–Smirnov tests, or bootstrapping were used to assess the statistical significance of observed differences. Unless otherwise noted, population data are reported
as mean ± SEM, and n represents the numbers of animals or cells analyzed.
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Chapter 4: Conclusions and future directions
In chapter 3, we showed that the ipsi-RGCs were a small subset of all RGC types. All the
ipsi-RGC types stratified outside the ChAT bands and were overwhelmingly either purely ON or
purely OFF responsive (Figure 4.1). In the GCL, most RGCs recorded were ON responsive, while
RGCs displaced to the INL were overwhelmingly OFF stratifying and OFF responsive (Figures
3.6 and 3.9).

Figure 4.1. Stratification profiles and contrast preferences of ipsi-RGCs.
(top) Stratification profiles of the 9 ipsi-RGC types and the combined stratification profile of
all 9 types. Red lines represent approximate location of ChAT bands. Ipsi-RGCs largely avoid
stratifying at and between ChAT bands.
(bottom) Contrast response preferences (ON-OFF / ON+OFF) to small and large spot sizes of
the 9 ipsi-RGC types and the combined preferences of all recorded RGCs. Ipsi-RGCs, especially those in the GCL, are mostly ON responsive and most types are purely ON or purely
OFF responsive.

92

Throughout the retina, contralateral projecting RGC cell bodies of a given cell type are
known to form mosaic patterns, where cell bodies are approximately evenly spaced from each
other, such that the neurites of the complete mosaic of RGCs cover the entire retina and the computations they perform are distributed throughout the retina (Kerschensteiner, 2020; Wässle and
Riemann, 1978). How ipsi-RGCs, which are so restricted in type, are distributed throughout the
temporal crescent, how they fit in with contralateral mosaics in this region, and the significance of
having so many displaced ipsi-RGCs could not be determined from single-cell recordings. Preliminary results from a mouse line that uses the intersection of Sert-Cre (ipsi-RGC marker) with
Kcng4-Flp (a-RGC marker (Krieger et al., 2017)) to drive expression of a fluorescent reporter
(Ai80 (Daigle et al., 2018)) suggest that both sONa - and sOFFa-ipsi-RGCs form complete ipsilateral mosaics that tile the temporal crescent (Figure 4.2 A). Physiological recordings and morphological reconstructions suggest that the intersection labels exclusively, or nearly exclusively,
these two cell types (Figure 4.2 B-D). The labeling's selectivity allows for accurate identification
of whether an RGC is sONa or sOFFa from a z-stack image. sONa are more abundant in the GCL
than are OFF. However, displaced RGCs are nearly exclusively sOFFa (Figure 4.2 A), as predicted
from our recordings in Figure 3.9. Displaced RGCs are abundant and necessary for complete coverage of the OFF layer. Thus, it appears that, in addition to becoming smaller (i.e., higher resolution) in the temporal retina (Bleckert et al., 2014), a-RGCs form complete ipsilateral mosaics. To
accommodate these additional mosaics in this region, a substantial fraction of sOFFa-RGCs are
displaced to the INL. These preliminary findings lend credence to the hypothesis that a cell-type
specific area centralis exists in the binocular region of the mouse retina and contributes to the
increased sensitivity of binocular vision in mice. A complete characterization of these mosaics, as
well as how they fit into the mosaics of contralateral-projecting a-RGCs in this region, will be
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necessary to confirm these preliminary conclusions. The use of a similar intersectional strategy
may also allow for a more comprehensive study of other ipsi-RGC types' distributions. For example, an intersection with Grik4-Cre should selectively label PixON-RGCs.

Figure 4.2. The intersection of Sert and Kcng4 selectively labels ipsi-a-RGCs.
(A) Confocal images of sONa and sOFFa ipsi-RGCs in the INL and GCL labeled by the intersection of Sert-Flp and Kcng4-Cre. (B) Of 14 recorded labeled cells, all were a-RGCs (8
ON, 6 OFF) (C) Chirp responses of labeled cells are characteristic of sONa and sOFFaRGCs (ON: n=5, OFF: n=5) (D) Receptive field mapping of labeled cells using spots of different sizes. High firing rates and lack of surround suppression are characteristic of sONaand sOFFa-RGCs (ON: n=7, OFF: n=5). White circles represent ON responses, while filled
circles represent OFF responses.

sONa and sOFFa-RGCs were 2 of 5 RGC types that responded to the prey mimetic stimulus (Figure 3.14), did so extremely reliably and are known to be two of the most contrast-sensitive RGC types in mouse. It is possible, therefore, that the deficits observed in hunting in SertDTR mice could be recapitulated, largely or in part, by the ablation of a-RGCs alone. A reliable
intersectional method for ipsi-a-RGC ablation would offer the opportunity to test this hypothesis
directly.
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